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NOTE 

The  book  "Motor  and  Jet  Fuels  and  Rocket  Propellants"  is  the 


fourth  completely  revised  edition  of  the  first  volume  of  the  book 
"Motor  Fuels,  Lubricants,  and  Liquids,"  issued  in  1957. 

]^^is  book  examines  in  detail  the  x>hysi cochemical  and  operational 
properties  of  aviation,  jet,  rocket,  automotive,  diesel,  and  boiler 
fuels,  as  well  as  the  basic  problems  relating  to  the  qualities  and 
utilization  of  these  fuels  in  engines  and  aircraft  assemblies  and 
ground  machinery Individual  chapters  of  the  book  are  devoted  to  the 
most  important  problems  in  the  area  of  fuels  -  corrosion  and  scale- 
formation  properties,  heat  of  combustion,  low-temperature  properties, 
tar  formation,  deposition,  etc. 

This  book  is  Intended  for  engineers  and  technicians  working  in 
areas  in  which  fuels  are  used,  as  well  as  for  those  people  engaged  in 
the  operation  of  various  engines  and  the  refining  of  petroleum. 
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PREFACE  TO  THE  FOURTH  EDITION 

The  fourth  edition  of  the  book  ’’Motor  and  Jet  Fuels  and  Rocket 
Propellants”  has  been  revised  and  changed  so  that  it  would  probably 
best  be  referred  to  as  a  new  book,  rather  than  a  new  edition  of  the 
book  published  first  in  1957. 

Almost  all  of  the  chapters  in  this  book  have  either  been  radi¬ 
cally  revised  or  rewritten  entirely.  Moreover,  new  chapters  have  been 
introduced. 

This  book  contains  the  latest  information  on  the  quality  and 
application  of  all  types  of  Jet,  rocket,  aviation,  automotive,  diesel, 
and  marine  fuels. 

The  part  dealing  with  rocket  propellants  includes  data  published 
in  foreign  and  Soviet  literature. 
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Chapter  1 
PETROLEUM 

THE  IMPORTANCE  OP  PETROLEUM 

Fuels  and  lubrication  materials  for  aircraft,  tanks,  automobiles, 
tractors,  seagoing  vessels,  etc.,  are  derived  primarily  from  petroleum. 

Pe,troleum  became  one  of  the  baisic  sources  of  energy  because  of  its 
high  heat  of  combustion.  In  the  burning  of  1  kg  of  petroleum  approxi¬ 
mately  10,600  kcal  of  heat  are  liberated  on  the  average.  For  purposes 
of  comparison  let  us  point  out  that  the  burning  of  1  kg  of  high-quality 
coal  (anthracite)  approximately  8,000  kcal  are  liberated,  and  in  the 
burning  of  1  kg  of  dry  wood  a  total  of  about  4,700  kcal  is  evolved. 

In  the  conversion  of  naval  fleets  from  coal  to  petroleum,  accomp¬ 
lished  some  45  years  ago,  the  power  of  the  powerplants  of  fleets  exist¬ 
ing  at  that  time  (without  counting  the  construction  of  new  vessels)  in¬ 
creased  by  one -third. 

The  invention,  in  l880,  of  spr«^  nossles  by  Engineer  V.  0.  Shukhov 
played  an  important  role  in  the  conversion  of  these  ships  to  petroleum 
fuels;  these  spray  nossles  made  it  possible  to  inject  petroleum,  in 
mixture  with  steam  or  air,  into  the  boiler  furnace. 

The  utilisation  of  products  from  the  refining  of  petroleum  —  fuels 
and  lubricants  for  various  purposes,  and  particularly  motor  fuels  and 
lubricants  —  has  been  on  the  rise  since  the  beginning  of  the  pi’osent 
century.  There  were  only  four  automobiles  In  the  world  Iri  1896,  whorea 
by  1910  the  number  of  automobiles  exceeded  10  million. 

-  3  - 


PTD-TT-62-I3CS/I+2 


During  the  Second  World  War  approxiaiately  40  million  automobiles 
and  tractors  were  in  operation,  there  ware  some  150  thousand  tanks,  and 
more  than  200  thousand  aircraft.  It  is  not  difficult  to  conceive  of  the 
tremendous  quantities  of  fuels  and  lubrication  materials  that  all  of 
this  equipment  required;  without  this  material  all  of  this  equipment 
would  have  stood  idle. 

D.I.  Mendeleyev,  who  had  such  great  Influence  on  the  development 
of  our  domestic  petroleum  industry,  pointed  out  that  petroleum  is  a 
precious  raw  material  for  chemical  refining. 

During  the  past  ten  years,  petroleum  and  natural  petroleum  gases 
have  been  employed  in  ever-increasing  quantities  as  raw  material  for 
the  chemical  industry. 

Petroleum  is  a  complex  mixture  of  carbon  compounds  and  hydrogen  — 
hydrocarbons  -  which  make  up  the  basic  class  in  organic  chemistry. 

I.M.  Gubkin,  the  outstanding  Soviet  scientist,  developed  the 
theory  of  the  composite  vegetable -animal  origins  of  petroleum,  widely 
employed  in  the  search  for  new  petroleum  deposits. 

Aocoi'dlng  to  this  theory,  s*©i!?aln3  of  vegetation  and  animals, 
accumulated  in  bogs  (In  shallow  seas,  lagoons,  and  gulfs),  act  to¬ 
gether  with  Inorganic  substances  to  forta  deposits  which  undergo  con¬ 
tinuous  change  when  completely  Immersed  in  this  section  of  the  earth's 
crust  for  long  periods  of  time,  and  as  a  s^esult  the  sapropelic  sub¬ 
stances  {the  decay Itig  mud)  converts  Into  peta*oleum, 

Ihe  origins  of  the  organic  residues  (for  example,  vegetative, 
or  coaplex  animal  oi*ganlsms,  or  the  simplest  of  the  single-celled 
creatures)  in  the  final  analydis  deterealne  the  variety  of  products 
Into  which  they  will  finally  be  converted,  and  this  Is  one  of  the 
factors  j»esponslble  for  the  existence  of  varieties  of  peti'oleuts. 


Temperature  conditions  within  the  rocks  containing  these  residues 
also  have  an  effect  on  the  composition  of  the  final  transformation  pro-  ? 
ducts,  as  does  the  catalytic  effect  of  individual  substances,  in  addition  ^ 
to  the  biochemical  processes  engendered  by  bacteria,  geological  changes 
within  the  rooks  themselves,  the  aotlon  of  radioactive  elements,  etc. 

Petroleum  contains  some  84-875^  carbon,  and  approximately  12-l4j^ 
hydrogen.  There  are  sulfur,  oxygen,  and  nitrogen  compounds  in  petroleum. 

The  petroleum  from  a  number  of  deposits  (primarily  from  the  regions  of 
the  Caspian  and  Black  Seas)  are  poor  in  sulfur;  the  sulfur  content  rare- 
ly  exceeds  0.3^.  The  petroleum  from  many  of  the  deposits  situated  in 
the  East  of  the  country  contain  2-3.5^  of  sulfur,  and  certain  other 
deposits  show  figures  reaching  as  high  as  55^*  " 

The  nitrogen  and  oxygen  content  in  petroleum  varies  from  0.4  to 
1%,  and  rarely  exceeds  this  value.  These' elements,  as  a  rule,  are  found 
in  combination  with  carbon  and  hydrogen.  ^  “ 

Paraffinic  (alkanes),  naphthenic  ( eye  lane  s )  ,'^  and  aromatic  hydro-  - 
carbons  are  included  in  the  composition  of  petroleum.  Olefinlc  (al-  '  ' 

kenes)  and  dlolefinlc  (alkadienes)  hydrocarbons  are  rarely  encountered 

k. 

/  ■ , 

in  petroleum,  but  are  formed  in  great  quantities  during  the  thermal  !; 

treatment  of  the  petroleum.  In  terras  of  its  chemical  composition  petro-  ! 
leum  is  classified  according  to  the  predominance  of  hydrocarbons  of 
certain  classes,  imparting  specific  properties  to  the  petroleum,  with 
these  properties  characteristic  of  the  classes  in  question.  The  over-  ; 
whelming  majority  of  petroleum  deposits  ax^e  of  the  co.mposlte  type; 
methane -naphthenic,  naphthenic -aromatic,  me thane -aroma tic,  etc. 

Of  the  paraffinic  hydrocarbons  (saturated,  normal  and  iso- 
structure)  the  majority  of  the  representatives  of  this  class,  begin¬ 
ning  with  the  simplest  hydrocarbon,  methane, are  encountered  in  the 
composition  of  petroleum. 
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Of  the  naphthenic  hydrocarbons  (cyclic),  designated  In  this  manner 
by  their  discoverer,  V.V.  Markovnlkov,  the  outstanding  Russian  chemist, 
the  naphthenes  whose  closed  cycles  are  formed  predominately  by  live  and 
six  carbon  atoms,  i.e.,  the  penta-and  hexa -methylene  series,  are  found 
in  petroleum. 

Aromatic  hydrocarbons  are  encountered  in  petroleiam  both  In  the  form 
of  their  simplest  representatives  (benzene,  toluene)  as  well  as  in  the 
form  of  more  complex  compounds. 

By  means  of  the  basic  reactions  In  organic  chemistry:  halogenatlon 
(the  Introduction  of  Cl,  F,  Br  Into  the  composition  of  the  hydrocarbon 
molecule);  nitration  (the  introduction  of  the  nitrogroup  NOg);  sulfona- 
tion  (the  Introduction  of  the  sulfur  group  SO^OH);  oxidation,  etc.,  from 
the  petroleum  hydm . r'bons  their  derivatives  are  obtained,  and  these  are 
used  either  as  semifinished  products  for  subsequent  synthesis  or  as  fi¬ 
nished  products. 

Nitration  of  paraffinic  hydrocarbons,  discovered  by  M.P.  Konovalov, 
is  used  to  obtain  the  nltroparaffins  which  are  utilized  as  solvents  for 
lacquers  and  paints  as  well  as  semifinished  products  for  the  synthesis 
of  explosive  materials,  etc. 

The  nitration  of  aromatic  hydrocarbons  is  employed  to  obtain  such 
important  nitrogen  compounds  as  nitrobenzene  which  is  reduced  to  aniline, 
trinitrotoluene  (trotyl),  and  trinltrophenol  (picric  acid).  The  latter 
are  powerful  explosives;  moreover,  they  are  used  as  semifinished  products 
for  the  synthesis  of  dyes. 

Some  of  .the  most  important  products  are  obtained  through  the  oxida¬ 
tion  of  the  hydrocarbons.  For  example,  the  oxidation  of  ethylene  is  used 
to  obtain  ethylene  o.\lde  which  is  used  for  the  production  of  synthetic 
rubber,  artificial  fibers,  imitation  leather,  explosives,  plastics, 
and  lubricant  additives,  etc. 
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Methyl  alcohol  is  obtained  by  the  oxidation  of  natural  gas  which 
consists  primarily  of  methane.  The  incomplete  oxidation  of  methyl  al¬ 
cohol  is  used  for  the  production  of  formaldehyde  which  is  used  exten¬ 
sively  in  the  production  of  phenol -formaldehyde  resins  as  semifinished 
products  for  the  production  of  various  plastics. 

Urotropine  is  obtained  by  combining  formaldehyde  with  ammonia; 
urotroplne  was  first  synthezied  by  the  founder  of  the  theory  of  the 
chemical  structure  of  organic  compounds,  A.M.  Butler.  Urotropine  is 
used  in  the  production  of  explosives,  certain  plastics,  and  as  a  medi¬ 
cinal  preparation. 

Products  obtained  in  the  chemical  refining  of  petroleum  and  petro¬ 
leum  gases  are  used  successfully  in  the  place  of  products  obtained  from 
grain,  potatoes,  and  other  raw  foodstuffs,  such  as  are  used  in  the  pro¬ 
duction  of  synthetic  rubber,  detergents,  consistent  lubricants,  etc. 

The  expansion  in  the  production  of  synthetic  plastics,  and  arti¬ 
ficial  fibers  and  fabrics  is  based  primarily  on  products  obtained 
through  the  chemical  refining  of  petroleum  and  petroleum  gas.  For  ex¬ 
ample,  In  order  to  obtain  the  well-known  synthetic  fiber  caprone,  we 
use  the  organic  compound  caprolactam  (C^H^qCONH),  obtained  from  phenol, 
as  the  initial  semifinished  product. 

For  the  synthetic  fiber  "Ipvsan"  (terylene),  the  basic  raw  materials 
are  the  following:  the  aromatic  hydrocarbon  p -xylene,  dibasic  alcohol, 
etliylene  glycol,  and  methyl  alcohol.  All  of  these  initial  materials  are 

petroleum  products. 

* 

The  domestic  petroleum  industry  —  one  of  the  basic  ventures  of 
heavy  Industry  -  undement  its  greatest  expansion  after  the  Great  Octo¬ 
ber  Socialist  Revolution.  Dui'lng  the  years  of  Soviet  po\<fev,  the  petro¬ 
leum  industry  underwent  ccxnplete  technical  reconstruction,  A  petroleum 
base  area  was  set  up  in  the  eastern  regions,  between  the  Volga  and  the 
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Urals.  Completely  new  plants  have. been  built,  and  old  plants  were  re¬ 
built,  to  handle  the  production  of  specific  and  required  qualities  of 
gasoline. 

In  i960,  148  million  tons  of  petroleum  were  produced.  Simultaneous¬ 
ly  with  this  increase  in  the  production  of  petroleum,  the  refining  of 
petroleum  is  being  expanded  and  intensified.  New  and  improved  industrial 
processes  and  methods  for  the  production  of  fuels  and  lubricants  are 
being  introduced. 

The  21st  Congress  of  the  CPSU  established  guide  figures  for  the  ex¬ 
pansion  of  the  national  economy  of  the  USSR  for  the  period  1959-1965 ^ 
and  these  called  for  high  rates  of  development  (expansion)  in  both  the 
petroleum  and  ge  •  industries.  Particular  attention  was  devoted  here  to 
the  subsequent  development  of  the  eastern  regions  of  the  USSR. 

The  prod".ctj.on  of  petroleum  by  1965  is  to  reach  a  level  of  230-240 
million  tons,  i.e.,  an  increase  by  a  factor  of  2  in  comparison  with  the 
year  1958* 

The  petroleum  refinery  capacity  must  be  increased  during  this  period 
from  1959  to  1965:  the  capacity  for  the  priroai’y  refining  of  petroleum 
must  be  increased  by  a  factor  of  2, 2-2. 3;  the  catalytic  cracking  capa¬ 
city  must  be  increased  by  a  factor  of  4.7;  the  catalytic  reforming  ca¬ 
pacity  must  be  Increased  by  a  factor  of  I6-I8;  and  th?^  production  of 
lubricants  must  be  inci'eased  by  a  factor  of  2. 

The  planned  volume  of  refining  capacity  will  be  completely  adequate 
to  cover  the  needs  of  the  national  economy  with  respect  to  petroleum 
products  and  will  make  possible  substantial  improvements  in  the  quality 
and  operational  characteristics  of  automotive  gasolines,  diesel  fuels, 
and  lubricants. 

The  production  of  gas  will  show  £ui  increase  by  a  factor  of  5  i*' 

1965 i  as  opposed  to  1958 • 


a 


The  plans  call  for  the  extensive  development  of  production  faci¬ 
lities  for  synthetic  materials  on  the  basis  of  gases  obtained  during 

* 

the  derivation  of  petroleum,  natural  gases,  and  the  gases  which  are 
formed  at  the  petroleum  refineries. 

During  this  seven-year  plan,  the  production  of  artificial  fibers 
will  increase  by  a  factor  of  4;  the  production  of  plastics  and  synthe¬ 
tic  resins  will  Increase  by  a  factor  of  more  than  ?• 

THE  HISTORY  OP  PETROLEUM 

Petroleum  is  known  to  us  from  very  ancient  times.  Archeological 
investigations  have  established  the  existence  of  petroleum  and  asphalt 
processing  facilities  as  far  back  as  the  years  4000-6000  B.C. 

For  a  long  time,  crude  petroleum  was  gathered  from  natural  surface 
pools,  and  later  on  it  was  extracted  from  shallow  (up  to  1-2  m  deep) 
specially  pz'epared  pits  (diggings).  It  goes  without  saying  that  only 
very  small  quantities  of  crude  petroleum  could  be  extracted  by  such 
technically  Imperfect  methods. 

From  the  middle  of  the  19th  century,  the  demand  for  crude  petro¬ 
leum  as  a  raw  material  for  the  production  of  '‘illuminating  oils," 
increased  sharply;  these  oils  were  used  for  purposes  of  lighting  homes, 
industrial  sites,  and  trade  buildings,  and  these  oils  were  also  used 
for  the  production  of  lubricants.  The  utilisation  of  a  new  and  more 
progressive  method  of  extracting  petroleum  by  means  of  drilling  through 
the  earth's  crust  came  into  being. 

Initially,  the  drilling  depth  for  the  extraction  of  petroleum  in¬ 
volved  only  several  hundreds  of  meters;  at  the  present  time,  ollwells 
can  be  drilled  to  depths  of  3000-6000  m  and  even  deeper. 

The  demand  for  petroleum  "illumlriatlng  oils"  which  resulted  In 
the  development  of  petroleum-extraction  processes  may  be  attributed  to 
the  fact  that  by  the  middle  of  the  19th  century  the  advantages  of  these 
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products  over  the  animal  and  vegetable  fats  used  prior  to  this  time  for 
purposes  of  illmination  became  clearly  evident.  From  that  time  on,  the 
production  of  kerosene  developed. 

With  the  appearajice  of  internal -combustion  engines,  ahd  with  the 
improvement  of  the  latter,  there  arose  a  need  for  the  most  varied  of 
fuel-lubrication  materials  and  primarily  for  gasolines.  The  demand  for 
these  products  is  constantly  on  the  increase.  This  provided  a  new  in¬ 
centive  for  the  expansion  of  petroleum  extraction  and  petroleum  re¬ 
fining. 

Many  outstanding  Russian  and  Soviet  scientists  and  engineers  work¬ 
ed  and  are  continuing  to  work  in  areas  of  investigating  and  refining 
petroleum. 
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Chapter  2 

« 

DATA  ON  THE  PRODUCTION  (TECHNOLOGY)  OF  LIQUID  FUELS 
The  primary  raw  materials  for  the  production  of  contemporary  liquid 
fuels  are  petroleum^  coal^  shales ^  natural  gases,  and  the  gases  which 
are  fomed  in  the  refining  of  petroleum  and  in  the  processing  of  coal* 

In  addition  to  direct  distillation,  there  now  exist  on  an  industrial 

\ 

scale  a  number  of  thermal  and  catalytic  processes  for  the  refining 
of  petroleum  and  these  make  it  possible  not  only  to  produce  liquid 
fuels  but  also  make  possible  the  control  of  these  processes  in  order 
to  obtain  fuels  of  required  quality*  These  methods  are  based  on  pro¬ 
cesses  involving  the  transformation  of  the  molecular  structures  of  the 
hydrocarbons  which  serve  to  make  up  the  initial  raw  material* 

In  addition  to  the  purely  synthetic  processes  of  producing  fuels, 
the  processes  involved  in  the  refining  of  low-quality  fuels  (obtained 

either  from  petroleum  or  from  synthetic  fuels)  into  high-quality  grades 
have  come  Into  widespread  use,  as  have  the  processes  Involved  In  the 
production  of  specific  groups  of  hydrocarbons  or  even  individual  hydro¬ 
carbons  which  provide  for  the  hi^  quality  of  liquid  fuels. 

DERIVATION  OP  LIQUID  FUELS  FROM  PETROLEUM 
Direct  Distillation 

Individual  fractions  are  extracted  from  petroleum  (crude  oil)  in 
direct  distillation  by  means  of  successive  or  simultaneous  vaporisation 
of  these  fi’actions,  separating  the  vapors  formed  as  a  result  and  subse¬ 
quently  condensing  these.  This  is  the  simplest  and  oldest  method  of 
petroleum  refining. 
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Fig.  1.  Schematic  arrangement  of 
huhble-tray  tower  of  a  topping  plant 
for  the  initial  distillation  of  a 
crade  oil.  A)  Olli  B)  gases;  C)  gaso¬ 
line;  D)  llgroln;  e)  kerosene;  F)  gas 
oil;  G)  mazout. 

At  the  present  time,  bubble -tray  towers  of  high  capacity  and 
great  economy  of  operation  are  employed  to  carry  out  the  direct 
distillation  of  the  crude  oil.  The  basic  elements  In  these  Installa¬ 
tions  are  the  tube -still  heater,  in  which  the  liquid  portion  of  the 
petroleum  Is  separated  from  the  vapors  that  are  formed,  the  rectifi¬ 
cation  column  and  Its  auxiliary  columns  In  which  the  vaporized  portion 
of  the  crude  oil  Is  separated  into  Individual  fractions  -  the  distil¬ 
lates;  In  addition,  there  are  heat  exchangers,  condensers,  receivers, 
pumps,  etc. 

There  are  a  number  of  structural  versions  for  dlrect-dlstlllatlon 
Installations:  1)  with  single  vaporization  of  the  entire  portion  to  be 
distilled.  In  a  single  column;  2)  with  double  vaporization  of  the  por¬ 
tion  to  be  distilled,  in  two  successive  columns;  3)  with  preliminary 
vaporization  of  low-boiling  fractions  in  individual  vaporizer,  after 
heating  of  the  crude  in  heat  exchangers. 

Figure  1  shows  a  schematic  arrangement  of  an  Installation  wit:n 
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single  vaporization.  The  petroleum  is  supplied  under  pressure  through 
three  distillation  heat  exchangers  4  by  means  of  a  centrifugal  pump 
5,  and  the  petrolem  is  then  continued  through  the  decontamlnator 

6  and  the  oil  heat  exchangers  7  and,  having  been  heated  to  170-175®, 
the  petroleum  enters  the  tube-still  heater  1.  Heated  to  330®  in  the 
tube— still  heater  and  partially  vaporized,  the  crude  oil  (petroleum) 
ejiters  the  rectification  column  2  that  has  been  fitted  out  with 
strippers  3*  Gasoline  and  its  side  distillates  —  llgroln,  kerosene, 
and  gas  oil  —  are  removed  in  the  column.  The  gasoline  is  withdrawn 
from  the  top  of  the  column,  and  the  side  streams  may  be  withdrawn 
through  the  strippers.  The  gasoline  vapors  are  condensed  and  cooled 

in  heat  exchanger  4  and  condenser  8.  Passing  through  the  gas  separator 
12,  the  gasoline  enters  receiver  9;  a  portion  of  the  gasoline  is  with¬ 
drawn  from  the  latter  by  means  of  pump  10  in  order  to  flush  the  column. 
The  side  distillates,  having  passed  through  the  heat  exchangers  and  the 
condensers,  are  directed  to  the  receivers.  The  mazout  is  pumped  by 
means  of  pump  11  from  the  bottom  of  the  column  through  heat  exchanger 

7  and  the  condenser  to  the  receivers. 

With  direct  distillation, liquid  fuels  are  obtained  only  in  such 
quantities  as  are  actually  present  in  the  initial  crude  oil. 

.  With  the  growth  in  aviation,  automotive,  and  tractor  equipment, 
the  need  for  liquid  fuel  Increased  sharply  and  the  qxiantities  of  fuel 
derived  through  the  direct  distillation  of  petroleum  proved  to  be 
inadequate. 

Approximately  30  years  ago  this  led  to  the  industrial  development 
of  processes  for  the  derivation  of  gasoline  from  high-boiling  peti’oleum 
products  consisting  of  relatively  large  hydrocarbon  molecules,  said 
derivation  accomplished  by  the  splitting  of  these  large  molecules  into 
the  smaller  hydrocarbon  molecules  of  which  gasolines  are  composed. 
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This  process,  talcing  place  at  high  temperatures,  was  designated  as  the 
’•cracking”  process. 

We  distinguish  between  thermal  and  catalytic  cracking.  The  latter 
is  carried  out  at  lower  temperatures,  but  in  the  presence  of  catalysts. 
Thermal  Cracking 

The  final  industrial  execution  of  the  thermal-cracking  Installation 
depends  on  the  conditions  of  the  process  (temperature,  pressure),  the 
composition  of  the  initial  crude  oil,  and  the  purposes  for  which  the 
final  products  are  to  be  employed. 

The  various  types  of  thermal— cracking  installations  existing  at 
the  present  time  can  be  reduced  to  three  basic  processes:  1)  hlgh- 
pressui-e  cracking;  2)  coking  or  cracking  of  the  residuum  at  low 
pressure;  3)  pyrolysis  or  high-temperature  cracking  at  low  pressure. 

Formerly,  typical  crudes  for  thermal— cracking  were  the  kerosene— 
gas-oil  fractions,  and  the  final  product  was  gasoline.  At  the  present 
time,  low-grade  heavy  petroleum  residues  are  subjected  to  cracking, 
and  the  final  products,  in  addition  to  gasoline,  include  a  wide  fraction 
(which  serves  as  the  raw  material  for  catalytic  cracking)  and  a  gas 
(which  serves  as  raw  material  for  chemical  refining  procedures). 

Coking  is  carried  out  in  order  to  obtain  a  lightened  wide  fraction 
(which  is  then  subjected  to  the  subsequent  refining  stage)  and  petro¬ 
leum  coke. 

Various  raw  materials  are  subjected  to  pyrolysis  in  order  to  obtain 
a  gas  rich  in  unsaturated  hydrocarbons  (used  for  chemical  processing), 
and  aromatic  hydrocarbons. 

Heat  causes  the  component  hydrocarbons  of  the  petroleum  crude  to 

* 

undergo  a  number  of  (dtanges.  The  trend  and  the  extent  of  the  reactions 
that  take  place  in  this  case  are  defined  by  the  conditions  of  the 
process  and  by  the  raw  material  Itself.  The  basic  process  reaction  1 
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Fig.  2.  Schematic  arrangement  of 
dual-tube  (furnace)  thermal-cracking 
installation.  1)  Light-cracking 
furnace  2)3  deep-cracking  furnace 
(tube);  3)  vaporizer;  4)  1st  column; 

5)  2nd  column;  6)  hot-feed  pumps; 

7)  flushing  pumps;  A)  cooling;  b)  gas; 
c)  cracking  gasoline;  D)  cracking 
residue;  £)  mazout. 

independent  of  the  conditions  —  we  refer  here  to  the  splitting  of  a 

0 

more  complex  hydrocarbon  molecule  into  a  number  of  less  complex 
molecules.  As  a  result  of  this  splitting  reaction^  gasoline  and  gases 
are  obtained. 

In  the  breaking  up  of  the  hydrocarbons,  unsaturated  molecules 
are  formed.  Therefore  all  gasolines  and  gases  from  the  purely  thennal 
processes  contain  unsaturated  hydrocarbons;  there  are  more  unsaturated 
hydrocarbons  in  the  blgl>-temperature  products  than  those  produced  by 
means  of  lovf-temi^r^ture  pi'occbses. 

With  then2^~crackins  consolidation  and  condensation  of  the  split 
molecules  take  place,  together  with  the  formation  of  heavy  residues  and 
coke,  as  well  as  the  I'eactions  of  aromatization,  isomerization,  etc. 

An  increase  in  the  pressure  of  the  process  enhances  the  consolidation 
reactions  (polymerization,  alkylation,  etc.),  and  an  increase  in  tem¬ 
perature  etdumces  the  reactions  of  splitting,  condensation,  and 
aromatlzation. 

Haw  materials  having  higher  molecular  weights  (kerosene,  gas  oil 
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and  raazout)  are  easily  broken  up  at  lower  temperatures  than  are  the 
lighter  raw  materials  such  as  llgroln  and  especially  gasoline.  The 
latter  two,  Iri  the  case  of  thermal-cracking,  show  greater  tendency  to 
reactions  of  aromatlzatlon,  dehydrogenation,  and  Isomerization,  which 
result  in  the  formation  of  ajpomatic  hydrocarbons,  and  unsaturated  and 
Isocompounds . 

At  the  present  time  there  exists  a  great  quantity  of  various  types 
of  thermal— cracking  Installations. 

Figure  2  shows  the  basic  arrangement  of  a  very  common  dual-tube 
(furnace)  cracking  installation  which  makes  it  possible  to  employ 
mazout  as  the  initial  raw  material.  The  Installation  consists  of  a 
light-cracking  furnace  in  which  the  initial  mazout  is  subjected  to 
cracking,  and  the  installation  further  consists  of  a  deep-cracking 
furnace  in  which  the  products  of  the  mazout  decomposition  and  the 
lighter  fractions  distilled  from  the  mazout  are  subjected  to  cracking. 
The  initial  mazout  is  passed  through  a  heat  exchanger  into  one  of  the 
rectification  columns  where,  encountering  the  vapors  coming  fx'om  the 
vaporizer,  condenses  the  heavier  portions  of  these  vapors,  and  simul¬ 
taneously  the  lightest  fractions  are  vaporized  from  the  mazout. 

The  mixture  of  the  mazout  residues  and  the  heavy  intermediate 
fractions  are  collected  at  the  bottom  of  the  column  by  means  of  a  pump 
and  passed  into  the  light-cracking  furnace.  The  derived  light  inter¬ 
mediate  cracking  fractions  in  mixture  with  the  cracking-gasoline,  the 
gas,  and  the  solar  distillate  distilled  from  the  mazout,  are  withdrawn 
fiKua  the  top  of  the  column  and  supplied  to  the  second  column,  where 
the  cracking-gasoline  and  gas  fractions  are  separated  from  the  retaalr^ 
Ing  products.  The  latter  are  collected  by  means  of  a  pump  fi'om  the 
bottom  of  the  column  and  fed  to  the  deep-cracking  furnace  where  the 
basic  cracking  process  takes  place.  Tiie  cracking  products  fixmi  the  t  * 
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furnaces  are  mixed  and  directed  to  the  vaporiser.  In  the  latter,  the 

cracking  products  are  separated  from  the  cracking -residue  which  drips 
down  into  the  vaporizer  and  is  directed  into  the  first  column. 

The  temperature  in  the  light -cracking  furnace  is  470-480°  and  in 
the  deep-cracking  furnace  it  is  500-510°.  The  pressure  at  the  inlet  to 

the  first  furnace  la  40-45  atm  and  it  la  about  50  atm  at  ti.e  inlet  to 
the  second  furnace. 

The  yield  of  cracking-gasolines  may  change  within  an  extremely 
wide  range  (from  25 -30$^  to  65-70jg),  depending  on  the  raw  material  and 
the  operating  regime  of  the  Installation. 

The  cracking  of'  light  raw  material  —  kerosene  and  gas  oil  —  as 
well  as  of  gasoline  (for  purposes  of  changing  the  chemical  composition 
of  the  gasoline)  is  carried  out  in  single -furnace  cracking  installations.  ^ 
In  the  cracking  of  gasolines,  the  process  is  carried  out  at  a  tempera¬ 
ture  of  550-5b0°  and  at  a  pressure  of  20  atm. 

Pyrolysis  is  a  high -temperature  cracking  process  (650-700°  and 
higher)  which  takes  place  at  atmospheric  pressure.  In  the  case  of 
pyrolysis,  in  addition  to  the  intensive  breaking  up  of  the  original 
high-molecular  hydrocarbons,  there  take  place  inactions  involving  the 
subsequent  transformation  of  the  products  being  split,  and  these  re¬ 
sult  in  the  formation  of  aromatic  hydrocarbons.  However,  the  high  gas 
yield  in  the  case  of  pyi'olysis  (up  to  50^6),  with  this  gas  rich  In  un¬ 
saturated  hydix}carbons,  predetermined  yet  another  purpose  for  pyroly¬ 
sis,  i.e.,  the  pi'oduotlon  of  a  gas  used  for  chemical  pt'ocesslng. 

Pys'olysis  is  carried  out  in  retorts  or  gas  generators.  The  pri¬ 
mary  raw  material  for  pyrolysis  Is  a  kerosene  distillate.  Pyrolysis 
forms  gas  (up  to  5t^),  tar  (45-48jS),  carbon  black,  and  coke  (1-2^). 

In  the  distillation  process,  of  light  oil  are  separated 

from  the  tar  (the  fi'actlon  below  170°),  and  green  pyi-olysls  oil  (175- 
350°  fraction) j  liquid  pitch  is  formed  in  the  residue. 


-  17  - 


The  green  pyrolysis  oil  is  a  product  of  little  value  and  has  no 
special  application.  The  pitch  Is  employed  to  obtain  an  ash-free  coke. 

The  light  oil  enters  the  first  rectification  column  and  Is  sepa¬ 
rated  Into  Its  fractions!  the  benzene  head,  and  the  benzene,  toluene, 
and  xylene  fractions.  The  obtained  fractions  (with  the  exception  of 

the  benzene  head)  move  on  to  the  sulfurlc-acld  cleansing  process,  and 
then  again  to  the  rectification  process  for  the  derivation  of  pure 
aromatic  hydrocarbons.  The  Intermediate  fractions,  remaining  after  the 
separation  of  the  aromatic  hydrocarbons,  are  employed  as  components 
for  liquid  fuels.  The  separated  aromatic  hydrocarbons  are  used  as  com¬ 
ponents  In  aviation  fuels  or  as  raw  materials  for  chemical  processing. 
There  exists  another  method  for  the  processing  of  light  oil,  and  here 
the  Individual  aromatic  hydrocarbons  are  not  separated  from  the  light 
oil,  or  only  toluene  is  separated  from  the  light  oil.  In  this  case, 
the  light  oil  Is  separated  from  the  benzene  head  and  the  remaining 
fractions;  then  the  light  oil  Is  purified  and  released  In  the  form  of 
a  mixture  of  aromatic  hydrocarbons  (up  to  80-855^)  with  this  mixture 
referred  to  as  pyrobenzene. 

The  output  of  final  aromatic  hydrocarbons  in  pyrolysis  is  not 
great  and  dees  not  exceed  of  the  raw  material. 

Catalytic  Cracking 

Catalytic  cracking  differs  from  thermal  ci*acklns  in  that  the  hydro 
carbon  vapors  are  the  raw  material  being  cracked  or  passed  above  a 
catalyiV,  l.e.,  a  substance  which  accelerates  and  guides  the  course  of 
the  reaction.  With  the  use  of  catalysts  the  temperatui’C  of  the  hydro¬ 
carbon  dccoapcsltlon  drops  end  products  quite  unlike  the  thermal- 
cracking  products  in  terms  of  quality  ere  produced. 

We  know  of  a  great  many  chemical  compomids  that  are  capable,  to 
some  extent,  of  acting  as  catalysts  in  the  cracking  process. 

At  the  present  time,  aluminosilicates  aie  the  most  coaraon  of  t:. 


catalysts  for  this  process;  these  are  conventional  clays  processed  and 
enriched  with  admixtures  of  oxides  of  nickel,  cobalt,  copper,  manga¬ 
nese,  and  other  metals,  or  with  special  synthetic  masses. 

In  the  presence  of  these  aluminosilicates,  the  breaking  up  of  the 
hydrocarbons  begins  at  300-350*^  and  takes  place  most  intensely  at  450- 
510°.  The  cracking  la  carried  out  at  atmoapheric  pressure  or  at  a  small 

pressure  of  2-3  atm.  During  the  process,  the  catalyst  is  covered  with 
carbon  deposits  and  its  activity  diminishes.  To  restore  the  activity 
of  the  catalyst,  the  carbon  deposits  are  periodically  removed  by  flush¬ 
ing  the  catalyst  with  air  at  a  temperature  of  510°. 

There  exist  three  basic  industrial  catalytic -cracking  methods, 
based  on  the  utilization  of  an  aluminosilicate  catalyst;  a)  with  a 
fixed  catalyst;  b)  with  a  movable  catalyst;  c)  with  a  powder  "free- 
f lowing"  or  pseudoliqulfied  catalyst. 

Cracking  with  fixed  catalyst  (Fig.  3)» 

In  this  process  the  catalyst  is  charged  into  the  contact  chambers 
in  the  form  of  a  small -grain  porous  mass  exhibiting  high  mechanical 
strength;  varying  quantities  of  vapors  are  the  product  to  be  subjected 
to  cracking  or  passed  through  these  contact  chambers,  as  is  the  air  for 
the  regeneration  of  the  catalyst.  The  operating  cycle  for  the  chamber 
consists  in  four  operations:  l)  the  actual  cracking  (10  min.);  2)  flush¬ 
ing  with  steam  to  remove  the  hydrocarbon  vapors  from  the  chauuber  (5  min. ) 
3)  regeneration  of  catalyst  (10  min.);  4)  flushing  with  steam  to  remove 
products  of  combustion  from  chamber  (5  min.).  Consequently,  the  entire 
cycle  is  completed  within  30  minutes. 

In  order  to  provide  for  continuous  operation  of  the  Installation, 

3-6  chambers  operating  in  series  and  switched  automatically,  are  set  up 
because  each  of  the  chambers  functions  only  periodically. 

The  reaction  chambers  are  cylindrical  columns  that  are  11  m  high, 

3  m  in  diameter,  and  each  equipped  with  three  series  of  tubes. 
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Pig.  3.  Schematic  arrangement  of  catalytic 
cracking  installation  with  fixed  catalysts, 
l)  Tube -still  heater j  2)  reactors;  3)  air 
heater;  4)  turbine  compressor;  5)  heat  ex¬ 
changer;  6)  rectification  column;  A)  fatty 
gas  for  stabilization;  B)  aviation  gas  for 
stabilization;  C)  llgroin;  D)  catalytic  gas 
oil;  E)  charge;  F)  fresh  air;  G)  flue  gas. 


The  catalyst  Is  placed  in  the  space  between  the  tubes.  The  first 
series  (bank)  of  tubes  is  used  to  supply  the  vapors  of  the  raw  material 
to  be  subjected  to  cracking,  as  well  as  to  carry  the  air  and  steam;  the 
second  bank  Is  employed  for  the  removal  of  the  cracking  products,  the 
products  of  coke  combustion  in  the  regeneration  of  the  cAtalyst,  as 

well  as  the  excess  air  and  steam  employed  in  the  flushing  process;  the 

third  series  of  tubes  is  employed  for  the  circulation  of  the  fused 

\ 

salts  which  remove  the  heat  of  regeneration  and  maintain  the  temperature 
during  the  cracking  process. 

Tht  raw  material  (cliarge)  for  cracking  generally  consists  of  kero¬ 
sene,  gas  oil,  and  solar  fractions. 

The  catalytic -cracking  products  can  be  used  both  as  automotive  and 
aviation  gaaollnes.  To  produce  aviation  gasoline «  the  oraokir.g  is 
done  in  two  stages.  The  ps'Oducts  of  the  first  stage,  which  boll  below 
210-220^,  are  again  passed  through  at  a  temperature  of  400-450°  over 
the  catalyst  and  subjected  here  to  catalytic  purification. 


The  basic  cracking  process  takes  place  during  this  first  stage, 
and  here  the  gasoline  containing  a  comparatively  large  percentage  of 
unsaturated  hydrocarbons  is  formed.  During  the  second  stage,  these 
hydrocarbons  are  subjected  to  isomerization,  cyclization,  and  hydro¬ 
genation,  as  a  result  of  which  the  gasoline  is  enriched  with  iso- 
paraffinic  and  aromatic  hydrocarbons. 

The  yield  of  aviation  gasoline  from  the  two -stage  process 
amounts  to  25-28^.  The  yield  of  automotive  gasoline  from  the  single- 
stage  process  amounts  to  40*455^. 

In  addition  to  gasoline,  the  catalytic  cracking  process  forms 
15-21^  gas,  40-50$^  gas  oil,  and  5-7/^  carbon  deposits. 

Unlike  thermal  cracking,  no  such  valueless  product  as  cracking 
residue  is  formed  during  the  catalytic  process. 

In  the  catalytic  cracking  gases  there  are  35-40J^  unsaturated 
hydrocarbons  (of  these,  up  to  are  butylenes),  as  well  as  up  to 
25-3056  isobutane.  Therefore  catalytic -cracking  gases  serve  as  valu¬ 
able  raw  material  for  the  production  of  the  high-octane  aviation- 
gasoline  component  -  "alkylate. " 

Cracking  with  movable  catalyst  (Fig.  4) 

Natural  clay  (aluminosilicate)  in  the  form  of  grains  (pellets), 
or  a  synthetic  "bead"  catalyst  with  spheres  having  a  diameter  of  about 
3.5  mm,  are  used  as  the  catalyst  for  this  process.  The  “bead"  catalyst 
is  now  being  used  predominantly. 

The  process  Involves  the  passage  of  the  vapors  from  the  product 
beiiig  r."  vOked  into  a  I'eactlon  chamber  through  a  catalyst  moving  to¬ 
ward  these  vapors.  A  number  of  baffles  have  been  Installed  in  the  re¬ 
action  chamber,  and  these  are  Intended  to  provide  for  a  closer  and 
longer  contact  between  the  vapors  of  the  petroleum  product  and  the 
catalyst.  The  vapors  enter  from  the  bottom  and  are  removed  from  the 
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Fig.  4.  Schematic  arrangement  of  catalytic - 
cracking  installation  with  movable  catalyst. 

I)  Qas  separators;  2)  condenser;  3)  rectifi¬ 
cation  column;  4)  pump;  5)  frame  for  descent 
of  catalysts;  6)  catalyst  hopper;  7)  elevator; 
8)  regenerator  hopper;  9)  regenerator; 

10)  cyclone  separator;  11)  device  for  removal 
of  dust;  12)  hopper  for  fresh  catalyst; 

13)  hopper  for  catalyst  fines;  l4)  air  blower; 
15)  flue-gas  regenerator;  16)  vapor  separator; 
17)  turbine  compressor;  18)  distributor  grids 
for  catalyst;  19)  reactors;  20)  vaporizer; 

21)  tube -still  heater; 

LINES:  l)  removal  (descent)  of  catalyst  dust; 

II)  vapor-mixture  feed;  III)  removable  (des¬ 
cent)  of  spent  catalyst;  iv)  products -of - 
reaction  feed;  A)  gases;  B)  gasoline  for  stabi¬ 
lization;  C)  cracking  charge;  D)  light  gas  oil; 
E)  flue  gases;  F)  residue;  G)  outgoing  flue 
gases;  H)  flue  gases;  l)  hot  water;  J)  fuel; 

K)  vapor. 


top  of  the  chamber,  whereas  the  catalyst,  conversely,  moves  freely 
from  its  hopper  and  enters  from  the  top  of  the  chamber  and  is  i*eraoved 
at  .the  bottom  of  the  ohamber.  The  spent  catalyst  leaves  the  chamber  by 
means  of  a  scoop  conveyor  and  Is  taken  to  the  top  of  the  regenerator  where 
It  passes  through  a  series  of  successive  zones  before  reachijig  the  he* 
air.  The  regenerated  catalyst  Is  taken  from  the  bottom  of  the  rc  * 


tor  in  a  second  scoop  conveyor  which  carries  the  catalyst  back  to  the 
hopper. 

There  are  several  structural  versions  of  a  cracking  Installation  r 

.  t  • 

k  ' 

involving  the  use  of  a  movable  catalyst.  n 

The  process  is  conducted  at  a  temperature  ranging  from  480  to  500^ 
and  at  a  pressure  between  0.7  and  1.1  atm.  With  the  "bead”  synthetic  t' 

i' 

catalyst  the  yield  of  aviation  gasoline  reaches  30-50^,  by  volume,  and 
the  yield  of  automotive  gasoline  attains  40-.65J^,  by  volume.  Aviation 
gasoline,  as  in  the  case  of  cracking  with  a  fixed  catalyst,  is  pro-  T 
duced  in  two  stages. 

Cracking  with  a  pseudoliquefied  catalyst 

The  catalyst  in  this  process  (natural  ^ 
clays  or  a  synthetic  aluminosilicate  cata¬ 
lyst  ground  down  to  a  fine  dust  with  a 
particle  dimension  of  300  mesh  or  lower)  f 
is  introduced  into  a  stream  of  a  charge 
that  has  been  vaporized  in  advance  and 

this  stream  is  directed  to  the  reactor,  ^ 

!■ 

The  catalyst  is  carried  through  the  re-  v 
action  chamber  by  the  stream  of  vapors 
and  gases.  The  spent  catalyst  is  I'emoved  ; 
from  the  vapors  and  enters  the  regenerator 
where  it  is  picked  up  by  hot  air  which 
bums  off  the  carbon-like  deposits  from  ^ 
the  catalyst  surface.  The  catalyst  enters 
the  cyclone  separator  from  the  regenerator 
together  with  the  flue  gases,  and  it  sepa-  | 
rates  from  the  flue  gases  in  the  cyclone 
separator  and  again  enters  the  reactor. 
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Fig.  5,  Schematic  arrange¬ 
ment  of  reactor  and  regen¬ 
erator,  with  pseudoliqul- 
fied  (fluid)  catalyst.  l) 
Reactor;  II )  bottom  of  1*6- 
generator;  (V)  pseudoliqui- 
fled  catalyst  (boiling 
layer);  B)  strloper  (annu¬ 
lar)  section;  1)  inlet  for 
charge  and  catalyst;  2)  out¬ 
let  for  spent  catalyst;  3) 
outlet  for  products  of  re¬ 
actions;  4)  air  inlet;  5) 
inlet  for  air  and  catalyst; 
6)  outlet  for  regenerated 
catalyst;  7)  condenser. 
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In  newer  installations,  the  catalyst  is  continuously  introduced 
into  the  vapor  streams  and  mixed  with  these  vapors  it  enters  the  lower 
part  of  the  reactor  where  a  definite  catalyst  level  is  maintained. 

The  spent  catalyst  is  continuously  removed  for  regeneration  from  the 
bottom  of  the  reactor  (Pig.  5)» 

One  feature  of  the  structurally  Improved  new  so-called  ortho flow- 
process  installation  is  the  fact  that  both  the  reactor  and  the  regener¬ 
ator  have  been  consolidated  into  a  single  combined  piece  of  equipment 
and  are  positioned  one  above  the  other,  with  the  lines  carrying  the 
catalysts  and  connecting  the  reactor  to  the  regenerator  situated  on 
the  inside. 

The  temperature  of  the  process  ranges  from  450-480®  and  the  pres¬ 
sure  varies  from  0. 8-1.6  atm. 

For  this  process,  high -boiling  products  all  the  way  to  mazout  can 
be  employed  as  the  charge,  as  can  coking  products  which  boll  off  within 
a  range  from  220-545®,  and  the  gas  oils  of  catalytic  cracking. 

The  yield  in  cracking  products  and  their  quality  corresponds  ap¬ 
proximately  to  the  yields  for  cracking  with  a  movable  catalyst  (the 
moving -bed  catalytic  process). 

DERIVATION  OP  LIQUID  FUELS  FROM  COAL 

There  are  three  basic  means  of  processing  coals  into  liquid  fuels: 
coking  and  semicoking,  hydrogenation,  and  the  produotion,^of  water  gas 
which  serves  as  the  base  for  the  subsequent  synthesis  of  fuels. 

In  the  case  of  coking  and  semlcoklngj  wo  obtain  products  which 
are  primarily  subjected  to  hydrogenation. 

Hydrogenation.  Various  coals,  as  well  as  coking  and  semicoking 
tars  are  subjected  to  hydrogenation.  The  process  takes  place  at  a  hl^ 
temperature  (380-550®),  and  at  a  high  hydrogen  pressui'e  (200-700  atm) 

In  the  presence  of  special  catalysts. 

-  24  - 


The  hydrogenation  process  is  carried  out  in  three  stages.  During 
the  first  stage,  the  process  takes  place  in  the  liquid  phase  In  the 
presence  of  a  catalyst  which  contains  an  oxide  of  Iron.  Here  a  wide 
fraction  is  obtained,  which  then  enters  into  the  second  hydrogenation 
stage  which  takes  place  at  a  temperature  ranging  from  and  at 

a  pressure  of  200-300  atm  above  the  tungsten  sulfide  deposited  ca  a 
special  carrier. 

The  hydrogenation  products  of  the  second  stage  are  fractionated, 
with  withdrawal  of  the  gasoline  fraction  that  is  used  as  automotive 
gasoline. 

After  the  removal  of  the  automotive  gasoline,  the  residue  which 
begins  to  boil  at  200®  enters  the  third  hydrogenation  stage  which  em¬ 
ploys  the  same  catalyst  and  takes  place  at  360-450®  and  at  a  pressure 
of  230-300  atm.  After  the  fractionation  of  the  hydrogenation  products, 
aviation  gasoline  is  obtained. 

New  catalysts  have  recently  been  developed:  a  cobalt -«wlybdenum 
catalyst  on  an  aluminum -oxide  base,  and  a  nickel  catalyst  on  an  alumi¬ 
nosilicate  base,  which  make  it  possible  to  carry  out  the  hydrogenation 
process  at  a  lower  pressure  (below  125  atm)  and  to  obtain  gasolines 
with  higher  antiknock  properties. 

Derivation  of  liquid  fuels  from  water  gas.  Water  gas  is  a  mixture 
of  carbon  dioxide  and  hydrogen  in  a  1:2  ratio.  Water  gas  is  obtained 
by  passing  steam  through  hot  coals.  Any  type  of  coal,  beginning  with 
ligtdte  and  endi:ig  with  coke,  may  be  used  for  this  purpose.  The  pi'ocess 
is  executed  in  gas  generators. 

Ohe  synthesis  of  hydrocarbons  from  water  gas  takes  place  over  a 
colbalt -magnesium  or  an  Iron  catalyst  under  a  pressure  of  up  to  15  atm 
and  at  a  tempemture  below  200®. 
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PROCESSES  TO  IMPROVE  THE  QUALITY  OP  THE  BASE  GASOLINES 
Catalytic  Reforming  In  the  Presence  of  Hydrogen  (Hydro forming) 

The  catalytic  reforming  process  is  intended  for  the  improvement 
of  the  antiknock  properties  of  gasolines  and  llgrolns  hy  transforming 
six -member  naphthenic  and  paraffinic  hydrocarbons  into  aromatic  hydro¬ 
carbons.  In  addition,  the  isomerization  of  five -member  naphthenic  hydro¬ 
carbons  into  six -member  hydrocarbons  and  paraffinic  hydrocarbons  Into 
isoparaffinic  hydrocarbons. 

The  process  Involves  the  passage  of  raw-material  vapors  at  tem¬ 
peratures  ranging  from  455  to  537®  and  pressures  ranging  from  7  to 
50  atm  in  a  hydrogen  atmosphere  or  in  the  atmosphere  of  a  gas  rich  in 
hydrogen  through  the  catalyst. 

The  utilization  of  hydrogen  in  the  process  counteracts  the  inten¬ 
sive  formation  of  coke.  It  Is  for  this  reason  that  the  catalyst  can  be 
used  for  a  long  period  of  time  without  regeneration. 

A  great  many  varieties  of  catalytic  reforming  processes  have  been 
worked  out,  and  these  differ  from  one  another  in  terms  of  installation 
structure  and  the  nature  of  the  catalyst  employed. 

Catalytic  reforming  is  carried  out  primarily  with  two  catalysts: 
a  platinum  catalyst  and  one  based  on  molybdenum.  In  addition  cobalt - 
molybdenum  and  chrome  catalysts  are  used.  The  platinum  catalyst,  to  a 
greatex'  extent  tlian  the  molybdenum  catalyst,  promotes  the  iswneriza- 
tlon  r*eactlon6  of  normal  pai’afflnlc  hydiHxcarbons  and  the  convei'slon  of 
five -member  naphthenic  hydrocarbons  into  six -member  hydrocarbons.  With 
the  platinum  catalyst  there  is  less  destruction  of  the  paraffinic  hydro¬ 
carbons  and  the  formation  of  ooke  is  reduced  to  the  minimum.  Therefore, 
a  platinum  catalyst  can  be  employed  for  a  long  period  of  time  without 
regeneration  and  provides  for  greater  yields  of  gasoline  with  better 
antiknock  properties.  However,  this  catalyst  is  easily  poisoned  b:. 


sulfur  compounds. 

Reforming  with  a  platinum  catalyst  is  carried  out  in  a  fixed  layer 
of  a  reactor  system.  Existing  installations  can  be  divided  into  three 
groups  on  the  basis  of  the  processes  which  these  Installations  carry 
out:  a)  without  catalyst  regeneration  (platforming);  b)  with  intermit¬ 
tent  regeneration  of  the  catalyst,  this  step  carried  out  whenever 
necessary  as,  for  example,  as  a  consequence  of  the  disruption  of  the 
regime  ("cat forming,"  and  Houdrjf  forming);  c)  with  periodic  regenera¬ 
tion  of  catalyst. 

The  platforming  process  takes  place  in  the  following  regime:  the 
temperature  range  is  between  455  and  482®,  the  pressure  is  below  50 
atm,  and  the  molecular  ratio  between  the  hydrogen  and  the  raw  material 
is  10:1.  Platinum,  in  a  quantity  of  O.l-l.Ojfi,  is  applied  to  the  activa¬ 
ted  aluminum  oxide. 

During  the  "catforming"  process,  the  regeneration  of  the  catalyst 
takes  place  directly  within  the  reactor.  The  catalyst  is  a  combination 
of  the  hydrogenating  component  (platinum)  and  the  cracking  component  - 
aluminum  acid  silicate.  "Catforming"  Is  carried  out  at  a  pressure  of 
33-35  atm.  During  the  Houdry  forming  process,  a  dual -function  catalyst 
is  employed:  this  catalyst  exhibits  great  selectivity  and  is  intended 
to  accelerate  the  reactions  taking  place  during  the  reforming.  The  tem¬ 
perature  of  the  process  ranges  between  465  and  510®,  and  the  pressure 
is  20  atm. 

As  a  result  of  periodic  regeneration  of  the  platinum  catalyst,  the 
process  can  be  conducted  at  a  somewhat  lower  pressure  (13-20  atm),  and 
this  enhances  the  dehydrogenation  reactions  in  which  the  aromatic  hydro* 
carbons  are  formed. 

Hefortnlng  with  molybdenum  catalyst  is  carried  out  not  only  in  a 
fixed  layer  in  reactors,  but  with  moving  caked  or  pseudoliquefied 


catalysts.  Reforming  In  the  fixed  layer  above  the  molybdenum-oxide 
catalyst  applied  to  the  aluminum  oxide  was  the  first  catalytic  reform¬ 
ing  process,  and  became  well  known  as  "hydroforming."  Hydroforming  is 
carried  out  at  537“  and  at  a  pressure  between  20  and  35  atm. 

Reforming  with  a  moving  catalyst,  or  "hyperforming"  Is  carried 
out  over  cobalt  molybdate  at  425-482®  and  27  atm.  The  catalyst  moves 
very  slowly  in  a  continuous  layer  through  the  reactor  downward  under 
the  force  of  gravity  and  returns  to  the  top  of  the  reactor  by  means  of 
a  pnerimatic  elevator;  the  regeneration  of  the  catalyst  takes  place  si¬ 
multaneously  with  the  movement  of  the  catalyst  upward  through  the  cata- 
-  lyst  lines.  In  the  present  of  cobalt  molybdate,  simultaneously  with  the 
dehydrogenation  of  the  naphthenic  hydrocarbons  Into  aromatic  hydrocar¬ 
bons,  the  hydrogenation  of  the  unsaturated  hydrocarbons  and  desulfuri¬ 
zation  take  place.  This  makes  it  possible  to  subject  not  only  direct- 
distilled  gasolines  but  mixtures  of  these  with  cracking  gasolines  and 
hlgh-sulfur-content  products  to  reforming. 

There  are  two  designs  of  catalytic-reforming  installations  with 
pseudoliquefied  catalysts  (molybdenum  oxide  and  aluminum  oxide);  the 
reactor  and  regenerator  are  situated  on  one  level  and  the  regenerator 
is  positioned  above  the  reactor  ("orthoforming").  The  utilization  of 
the  process  with  pseudoliquefied  catalysts,  makes  it  possible  to  in¬ 
crease  the  final-product  yield,  to  improve  its  quality,  and  to  employ 
hlglier-bc’.lljig  pi^Kiucts  as  raw  material  than  is  the  case  in  "hydro- 
forming"  (all  the  way  to  kerosene).  In  the  case  of  catalytic  reforming 
with  a  chrome  catalyst,  a  moving  pellet  catalyst  is  employed,  i.e., 
synthetic  aluminochrome  gel  which  at  a  low  hydrogen  pressure  (7-14  gage 
pressui'c)  and  a  tempera tui’c  of  510*  provides  for  a  high  degree  of  de¬ 
sulfurization  and  is  easily  regenerated  at  lower  temperatures  than  is 
the  case  with  the  cracking  catalyst.  Because  of  these  catalyst  proj^a.  - 
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ties  It  becomes  possible  to  process  various  types  of  raw  material, 
whether  high  in  sulfur  content  or  px-oducts  of  thermal  cracking. 

Gasoline  fractions  boiling  off  within  a  range  from  8O-180®,  and 
in  certain  cases  ligroln  and  even  kerosene  are  generally  subjected  to 
catalytic  reforming. 

Isomerization 

Isomerization  is  employed  for  the  pentane  and  hexane  fractions, 
which  are  removed  from  the  catalytic -reforming  gasoline,  'fhc  purpose 
of  isomerization  is  to  convert  normal  pentane  and  hexane,  as  well  as 
hexanes  with  a  single  methyl  group  into  more  branched  hydrocarbons, 
exhibiting  higher  antiknock  properties.  At  the  present  time,  there  are 
three  various  processes  of  isomerization;  these  processes  are  designat¬ 
ed  commercially  as  follows:  "isomat, '*  "penex,"  and  "pentafining. "  In 
the  "isomat"  process  the  aluminum -chloride  hydrocarbon  complex  is  activa¬ 
ted  by  anhydrous  hydrogen  chloride,  and  this  is  supplied  into  the  re¬ 
actor  in  countercurrent  to  the  charge.  Isomerization  takes  place  in  the 
liquid  phase  at  120^  and  at  a  hydrogen  pressure  of  30-35  gage  pressure. 

The  "penex"  process  is  carried  out  with  a  platinum  unregenerated 
catalyst  in  the  pi'esence  of  hydrogen.  In  the  "pentafining"  process,  a 
special  isomerization  catalyst  is  employed;  this  catalyst  is  a  combina¬ 
tion  of  platinum,  silicon,  and  aluminum  oxide.  The  "pentafining"  pro¬ 
cess  t5dc?»s  place  at  a  temperature  of  426-482®,  and  the  hydrogen  pres¬ 
sure  ranges  from  20  to  40  atm.  The  catalyst  is  periodically  regenerated. 
In  both  of  these  processes  the  catalyst  is  fixed. 

PtmiFICATIO?^  OP  HiE  BASE  GASOLIliSS 

Both  direct -distillation  gasolines  and  those  gasolines  produced  by 
secondary  i'cfinlsig  methods  must  be  purified  in  the  majority  of  cases  in 
order  to  reduce  the  acidity  and  to  remove  the  sulfur  compounds,  i.e. , 
primarily  hydrogen  sulfide  and  the  mercaptans. 
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To  reduce  gasoline  acidity,  alkali  purification  is  employed.  The 
latter  Is  carried  out  on  various  types  of  equipment,  l.e.,  mixers, 
columns,  and  agitators.  Alkali  purification  Is  used  also  to  remove 
hydrogen  sulfide.  Here  the  mercaptans  -  primarily  the  lower  -  are  also 
partially  removed* 

The  thermal -cracking  gasolines  are  treated  with  Puller's  earth  In 
the  vapor  phase  in  order  to  remove  unstable  compounds. 

Hydraulic  purification,  carried  out  either  In  the  vapor  or  liquid 
phase,  *  Is  the  best  method  for  thorough  desulfurization. 

Vapor-phase  hydraulic  purification  is  carried  out  over  tungsten- 
nickel  -sulfide  at  a  pressure  of  52.5  gage  pressure.  The  temperature  is 
a  function  of  the  fractional  composition  of  the  raw  material,  the  de¬ 
sired  extent  of  desulfurization,  and  the  activity  of  the  catalyst,  and 
ranges  between  23O  and  370®.  The  catalyst  Is  regenerated  after  a  period 
of  2  to  4  months  In  the  case  of  thermal  or  catalytic  cracking,  and  after 
10  months  in  the  case  of  the  direct  distillation  of  the  crude.  The  yield 
of  purified  product  attains  lOOJ^  by  volume. 

The  reduction  in  the  mercaptan  content  In  the  gasolines  Is  either 
acccmipllshed  by  removing  these,  or  by  means  of  oxidation  Into  less 
active  compounds  <-  disulfides. 

The  mercaptans  are  removed  with  a  435$  alkali  solution  at  50-55®  or 
at  standard  temperature  in  the  presence  of  salts  of  acid  oils,  capable 
of  dissolving  the  mercaptans  into  alkalis.  To  achieve  this  same  effect, 
small  quantities  of  tannin  or  propionic  and  butyric  acids  or  alkylphe- 
nols  are  added  to  the  caustic  potash  solution. 

For  tho  oxidation  of  the  mex^iaptans  into  disulfides,  the  gasolines 
are  treated  with  a  sulfur-test  solution,  hypochlorite,  sulfuric  acid, 
12^  solution  of  caustic  soda,  contalnliig  35  g/1  of  the  decahydrate  of 
sodium  ferrocyanlde,  and  a  number  of  other  methods  are  also 


DERIVATION  OP  GASOLINE  COI^PONEI^iTS 

Such  high  requirements  are  imposed  on  the  quality  of  aviation  fuels 
and  certain  grades  of  automotive  gasolines  that  it  Is,  as  rule,  im¬ 
possible  for  direct -distillation  gasolines  and  catalytic  gasolines  from 
the  refining  of  products  obtained  from  petroleum  or  coal  to  satisfy 
these  requirements,  and  this  is  all  the  more  true  of  the  liquid  fuels 
produced  synthetically.  Therefore  in  order  to  obtain  fuels  of  the  re¬ 
quired  qxiality,  depending  on  the  initial  properties  of  the  above- 
eniMerated  base  gasolines,  either  special  high-quality  components  are 
added  to  these  base  gasolines,  or  their  quality  is  Improved  by  sub¬ 
jecting  the  hydrocarbons  making  up  these  gasolines  to  some  chemical 
transformations. 

Aromatic  and  paraffinic  hydrocarbons  having  structures  which  pro¬ 
vide  for  high  quality  serve  as  components  for  aviation  fuels  and  the 
highest -quality  automotive  gasolines.  The  majority  of  these  components 
(alkylates,  industrial  isooctane,  aLcylbenzen,  etc.)  are  presently 
being  derived  from  thermal-  and  catalytic -cracking  gases,  as  well  as 
through  catalytic  reforming  in  the  presence  of  hydrogen,  and  also 
through  pyrolysis,  in  addition  to  being  derived  Vvom  natural  gases. 

Finally,  in  order  to  obtain  certain  aromatic  components,  the  pyro¬ 
lysis  of  kei*osenes  is  employed. 

Below  we  present  some  brief  data  and  basic  schematic •diidustf’lal 
flow  otm^ts  of  the  processes  used  to  obtain  various  coii^oncnts. 
Polymerlaatlon  and  Hydrogenation 

In  the  case  of  polymerisation,  two  or  several  molecules  of  unsatu¬ 
rated  hydrocarbons  are  combined  into  a  single  more  complex  molecule. 

The  pui'pose  of  the  polymerisation  pi'ocess  is  to  obtain  liquid  fuels 
or  iuel  components  from  cracking  and  pyrolysis  gases,  as  well  as  from 
the  gases  produced  ii\  the  various  catalytic  processes  employed  for  the 
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refining  of  petrolem  and  coal  products. 

Only  unsaturated  hydrocarbons  enter  Into  the  polymerization  re¬ 
action:  ethylene,  propylene,  the  butylenes.  Isobutylene,  auid  amylenes. 
If  the  latter  are  contained  In  the  cracking  gas. 

The  polymerization  of  the  above -enumerated  hydrocarbons  Is  carried 
out  by  either  the  thermal  (high  temperatures  and  pressures)  or  cataly¬ 
tic  methods. 

Catalytic  polymerization  Is  being  used  extensively  at  the  present 
time;  the  raw  material  for  this  method  Is  exclusively  the  butylene 
fraction  of  a  gas  consisting  of  butylenes  and  Isobutylene  (selective 
polymerization).  In  the  polymerization  of  such  a  raw  material,  pri¬ 
marily  a  mixture  of  isooctylenes  is  formed.  During  polymerization,  both 
side  products  of  reaction  and  iinsaturated  hydrocarbons  are  formed. 

Ai'ter  the  hydrogenation  of  the  polymerization  products.  Industrial 
Isooctane  is  obtained,  and  this  is  a  high-octane  component  of  gasolines. 

Selective  catalytic  polymerization  Is  carried  out  in  the  presence 
of  sulfuric  or  i^osphorlc  acid. 

Alkylation 

By  "alkylation”  we  mean  the  replacement  of  hydrogen  In  any  organic 
compound  of  the  alkyl  group  (CH^-, 
engineering,  the  alkylation  reactions  tliat  are  associated  with  joining 
of  t^e  unsaturated-hydrocarbon  molecule  to  the  isoparafflnlc  or  aroma¬ 
tic  hydrocarbon  molecule  found  application,  and  this  restilted  in  the 
formation  of  a  product  that  was  saturated  In  character.  The  alkylation 
process  is  employed  to  obtain  high-quality  aviation -fuel  components. 

There  are  two  basic  types  of  alkylation  processes:  thermal  and 
catalytic. 

Catalytic  alkylation  found  greater  application  than  did  thermal 
alkylation.  Isobutane  and  benzene  are  subjected  to  catalytic  alkj’latlj  . 
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etc,).  In  petroleum 


and  as  a  result  we  obtain'  products  that  are  either  paraffinic  or  aro¬ 
matic  in  nature. 

Alkylation  of  Isobutane 

The  catalytic  alkylation  of  Isobutane  takes  place  in  the  presence 
of  sulfuric  or  phosphoric  acid,  or  in  the  presence  of  aluminum  chloride. 

Sulfuric -acid  alkylation  (Fig.  6)  is  employed  primarily  for  the 
alkylation  of  isobutane  with  iso-  and  n-butylenes  . 

In  the  alkylation  of  isobutane  with  butylenes,  the  basic  reaction 
product  is  a  mixture  of  isooctanes:  2,2,3-trimethylpentane  and  2,2,4- 
trlmethylpentane . 

In  addition,  the  sulfuric  acid  results  In  a  number  of  side  reac¬ 
tions  as  a  result  of  which  paraffinic  hydrocarbons  of  both  higher  and 
lower  molecular  weight  than  the  isooctanes  are  produced. 

The  mixture  the  paraffinic  hydrocarbons  -  the  products  of  the 
alkylation  of  isobutane  with  butylenes  -  has  been  designated  as  an 
alkylate . 

The  conditions  for  the  alkylation  process  have  a  substetntlal  ef¬ 
fect  on  the  yield  and  quality  of  the  final  alkylate.  The  optimum  rela¬ 
tionship  is  5-6  moles  of  isobutane  per  1  mole  of  unsaturated  hydro¬ 
carbons. 

In  the  presence  of  hydrofluoric  acid,  unlike  sulfuric-acid  allcy- 
lation,  isobutane  is  as  easily  alkylated  with  propylene,  butylenes, 
and  amylenes.  The  Introduction  of  propylene  Into  the  process  of  alky¬ 
lation  approximately  doubles  the  raw -material  reserve. 

Hydrofluoric -acid  alkylation  takes  place*  at  room  tempera tui’e.  For 
alltylation,  100^  hydrofluoric  acid  is  used;  the  molar  ratio  of  the  iso¬ 
butane  to  the  unsaturated  hydrocarbons  varies  from  3:1  to  1.5:1. 

In  the  presence  of  aluminum  chloride,  the  alkylation  of  isobutane 
is  carried  out  with  ethylene  and  propylene. 
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Pig.  6.  Schematic  arrangement  of  sulfuric -acid  alky¬ 
lation  of  Isohutane.  l)  Alkali  mixer;  2)  alkali  set¬ 
tler;  3)  pumps;  4)  acid  inlet;  5)  contactor  reactor; 

6)  mechanism  for  rotation  of  small  lever  in  contactor; 

7)  sulfuric-acid  settler;  8)  heat  exchanger;  9)  am¬ 
monia  cooler;  10)  condenser;  11)  de-isobutanlzer; 

12)  heater;  13)  boiler;  14)  accvunulator;  15)  collec¬ 
tor  for  circulating  Isobutaine;  l6)  depropanizer; 

17)  debutanizer;  18)  butane  accumulator;  19)  alkylate 
rectification  column;  20)  coolers;  21)  light  alkylate 
accumulator;  Lines:  l)  alkylation  product  yield; 

II)  ammonia  inlet;  III)  ammonia  outlet;  A)  light  alky¬ 
late;  B)  heavy  alkylate;  C)  charge;  D)  spent  alkali; 

Ej  fresh  ilgSO^,;  F)  butane;  G)  circulating  Isobutane; 

H)  spent  HgSOjJ;  l)  spent  alkali;  J)  propane 


Alkylation  of  benzene 

Sulfuric,  phosphoric,  and  hydrofluoric  acids  as  well  as  a  boron- 
fluoride  catalyst  are  employed  as  catalysts  for  the  alkylation  of  ben¬ 


zene  . 


The  conditions  for  the  process  are  governed  by  the  catalyst  em¬ 
ployed. 

In  the  case  of  sulfurlc-acld  alkylation,  with  96^  sulfuric  acid, 
the  process  takes  place  at  0-15“  dhd  at  atmospheric  pressure.  The  same 
conditions  prevail  for  the  reaction  in  the  presence  of  hydrogen  flourlde 
When  working  with  phosphoric  acid,  wc  find  tJ^at  the  temperature 
of  the  reaction  varies  between  180-240®,  and  the  isressure  lies  in 


column  for  separation  of  isopropylbenzene; 

12)  Isopropylbenzene  accumulator;  13)  hnt- 
oil  boiler;  A)  propane -oropenen  fraction; 

B)  benzene;  c)  water;  D;  circulating  oen- 
zene;  E)  prop^e  fraction;  F)  cumene; 

Q)  residue 

interval  between  15  and  30  atm. 

For  alkylation  we  use  gases  from  cracking  or  pyrolysis,  these 
gases  containing  either  the  unsaturated  hydrocarbons  from  ethylene 
to  butylene,  depending  on  the  production  conditions,  or  a  mixture 
of  ethylene  with  propylene  or  a  mixture  of  propylene  with  butylenes, 
or,  finally,  ethylene,  propylene,  or  butylenes  -  each  separately. 

Figure  7  shows  a  diagram  of  a  phosphoric -acid  installation  for  the 
alkylation  of  benzene  with  propylene. 

IMIVAfflON  OF  JET  AND  DIESEL  FUELS 

Jet  and  diesel  fuels  are  obtained  primarily  through  the  direct 
dlstlllatloa  of  petroleum.  However,  the  quantities  of  catatyllc- 
oracklng  products  employed  as  diesel  fuels  Increases  each  year.  Thermal 
cracking  products  are  also  finding  application  as  components  for  jet 
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and,  partially,  for  diesel  fuels. 

In  the  production  of  Jet  and,  particularly,  of  diesel  fuels  from 
paraffinic  and  sulfur-bearing  petroleums,  it  becomes  necessary  to  de¬ 
vise  special  methods  for  the  processing  and  purification  of  these 
fuels.  Thermal -cracking  products  are  subjected  to  purification,  as  are 
the  highly  aromatized  catalytic -cracking  products. 

The  direct  distillation  products  obtained  from  paraffinic  petro- 
le\jms  are  subjected  to  deparafflnlzatlon  which  can  be  carried  out  in 
either  of  two  ways  -  the  destructive  freezing  of  high-melting  paraffi¬ 
nic  hydrocarbons  in  the  presence  of  solvents,  with  the  subsequent  fil¬ 


tering  of  the  fuels;  and  the  improved  carbamide  method  which  has  come 
into  industrial  use  in  recent  years.  This  method  is  based  on  the  capa¬ 
city  of  carbamide  to  form  solid  complex  compounds  with  the  paraffinic 
hydrocarbons  contained  in  the  distillates  of  Jet  and  diesel  fuels  at 
on.inary  temperature.  The  formed  complexes  are  easily  separated,  as  a 
result  of  which  it  becomes  possible  to  obtain  a  fuel  with  a  low  pour 
point  without  the  use  of  expensive  cooling  methods.  Generally,  a  meth¬ 
anol  solution  of  carbamide  is  used. 

In  the  diesel  fuels  obtained  from  sulfur -bearing  petroleums,  the 
sulfur  content  attains  1.0-1, 256,  and  in  certain  cases  even  1. 5-1. 656. 
The  successful  desulfurization  of  such  fuels  can  be  accomplished  only 
through  catalytic  hydraulic  purification  which  is  accomplished  by  the 
introduction  of  hydrogen  from  the  outside  (actually  hydraulic  purifi¬ 
cation),  and  by  employing  the  hydrogen  which  is  generated  in  the  de- 
hj'drogenatlon  of  the  naphthenic  hydrocarbons  contained  in  the  crude 
(autchydraullo  purification). 

There  are  several  versions  of  the  hydraulic  purification  process, 
each  differing  from  the  other  in  the  equipment  employed.  The  hydraull 
purification  process  is  generally  carried  out  with  a  fixed  alumir.w- 
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cobalt -molybdenum  catalyst  contained  in  the  reactor  at  a  pressure 
ranging  from  10  to  70  atm  (most  frequently  at  40-50  atm)  euid  at  a  tem¬ 
perature  ranging  between  390  and  420®.  Under  these  conditions,  the 
destructive  hydrogenation  of  the  sulfur  compounds  takes  place,  with 
the  formation  of  hydrogen  sulfide;  under  these  conditions  the  unsatur¬ 
ated  hydrocarbons  also  experience  hydrogenation,  as  do  the  oxygen-  and 
nitrogen -bearing  compounds.  Hydraulic  purification  provides  for  a  95- 
98^  degree  of  fuel  desulfurization. 

The  process  of  autohydraulic  purification  is  carried  out  with  the 
same  catalyst,  but  at  a  lower  hydrogen  pressure  (5-15  atm);  therefore, 
it  becomes  possible  to  carry  out  the  dehydrogenation  of  the  naphthenic 
hydrocarbons  at  a  temperature  of  400®  and  higher^.  Autohydraulic  piarl- 
fication  is  used  only  for  a  raw  material  enriched  with  slx>4nember 
naphthenic  hydrocarbons  which  serve  as  sources  for  the  derivation  of 
the  hydrogen.  Therefore,  this  process  is  primarily  carried  out  on  a 
direct-distillation  crude  or  mixtures  of  this  raw  material  with  crack¬ 
ing  products.  The  desulfurization  of  diesel  fuels  amounts  to  50-85$^, 
and  of  the  gasoline -llgroin  fractions  amounts  to  95-97^* 

[Footnote] 

Manu¬ 
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30  The  process  in  the  liquid  phase  will  be  characterized  in 

the  examination  of  the  method  used  to  obtain  diesel  and 
jet  fuels  for  which  this  process  is  most  typical. 


Chapter  3 

EVALUATION  OF  PHYSICOCHEMICAL  PROPERTIES  OF  FUELS 

The  GOST  for  a  fuel  Hats  more  than  15  different  indices  from 
which  we  may  draw  inferences  as  to  its  properties. 

Some  of  these  indices  may  be  used  to  obtain  an  idea  of  the  fuel’s 
operational  properties,  l.e.,  a  conception  of  how  the  fuel  in  question 
will  behave  on  combustion  in  an  engine,  how  it  will  foul  the  engine 
with  tarry  products,  whether  it  will  cause  corrosion  of  the  engine  and 
tank  components,  the  extent  to  which  starting  of  the  engine  will  be 
made  more  difficult  or  easier,  and  so  forth.  Other  indices  serve  to 
characterize  the  chemical  composition  of  the  fuel  and  its  component 
parts  and,  consequently,  express  the  operational  properties  of  the 
fuel  only  indirectly. 

There  are  a  number  of  indices  that  are  used  chiefly  to  check  the 
identity  of  fuel  consignments;  in  determining  the  chemical  nature  of 
a  fuel,  such  indices  are  useful  only  in  combination  with  others. 

Each  of  the  numerous  Indicators  is  Important  In  Itself,  but  only 
the  combination  of  all  of  them  provides  a  complete  conception  as  to 
the  properties  of  a  given  fuel. 

These  indices  are  extensively  used  in  the  following  oases:  in 
quality  control  of  the  fuel  in  production.  In  operation.  In  research 
work  and  in  development  of  new  types  of  fuel,  and  In  study  of  the 
changes  that  take  place  In  the  properties  of  fuels  under  the  conditions 
of  storage,  shipping,  and  use. 


In  using  the  indices,  it  is  extremely  Important  to  know  exactl  ■ 
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what  the  index  in  question  represents,  the  numerical  units  and  the  pre-^j 

V 

cision  with  which  it  is  determined,  how  it  is  related  to  other  indices 
and  what  operational  properties  of  the  fuel  can  he  evaluated  using  it 
as  a  basis*  v 

It  is  from  this  viewpoint  that  the  present  chapter  considers  all 
of  the  physicochemical  indices  used  to  evaluate  fuel  quality,  with  the  f 
exception  of  octane  number,  grade  and  cetane  niunber,  which,  in  view  of 
the  specific  points  to  be  observed  in  their  determination,  are  analyzed  •; 
in  the  chapter  on  evaluation  of  the  detonation  resistance  of  fuels.  I 


Fig.  8.  Diagram  of  standard  apparatus  for  dis¬ 
tillation  of  liquid  fuels.  1)  Flask;  2)  burner; 

3)  condenser;  4)  receiver. 

VAPORIZABILITy 

The  vaporlzability  of  a  fuel  is  ;!adged  primarily  from  its  frac¬ 
tional  composition  and  vapor  pressure,  or,  in  other  words,  on  the  basis 
of  the  fuel's  saturation  vapor  pressure. 

Fractional  Composition 

The  fractional  c<»npositlon  of  a  fuel  is  determined  on  a  standard 
apparatus  in  accordance  with  GOST  2177 “48  (Pig*  8)*  Essentially,  the 
test  reduces  to  splitting  the  fuel  into  individual  fi'actions.  A  100-ml 
sample  of  the  fuel  is  poxired  into  an  Engler  flask  and  heated.  Passing 
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•  \  2s  60  too  m  m  220. 

B  TeMnepamifpa,^C 

Pig.  9*  Distillation  curves  of 
fuels.  1)  Aviation  gasoline; 

2)  automobile  gasoline.  A)  Per¬ 
centage  boiled  out;  B)  Tempera¬ 
ture,  ®C. 


through  the  escape  tube,  the 
fuel  vapors  enter  a  condenser, 
where  they  are  condensed  and  flow 
into  a  receiver  (a  graduated^ cy¬ 
linder).  The  temperature -at  which 
the  first  drop  of  fuel  enters  the 
receiver  is  recorded  as  the  ini¬ 
tial  temperature  of  distillation. 

Thereafter,  in  accordance 
with  the  specifications  set  forth 


for  the  fuel  being  tested,  either 

the  temperature  at  which  a  certain  percentage  of  the  fuel  (10,  50,  90, 
97 1  97. 5 j  985^)  has  been  collected  in  the  graduated  cylinder  or  the  dis¬ 
tilled  percentages  of  the  fuel  that  correspond  to  specified  temperatur¬ 
es  (100,  200,  260,  270®)  are  recorded. 

If  the  terminal  boiling  temperature  is  normalized  in  the  technical 
specifications  for  the  fuel  being  tested,  the  flask  is  heated  until  the 
mercury  column  of  the  thermometer  stops  at  a  certain  level  and  then  be¬ 
gins  to  drop.  The  maximum  temperature  indicated  in  this  process  is  re¬ 
corded  as  the  final  temperature  of  the  boiling  range. 

For  fuels  in  which  the  temperature  at  which  97,  97.5  or  9856  has 
boiled  out  is  normalized,  this  temperature  is  taken  as  the  end  point 
for  the  fuel. 

The  small  quantity  of  fuel  that  remains  in  the  flask  after  distil¬ 
lation  is  measured  and  regarded  as  a  residue.  The  difference  between 
100  ml  and  the  sum  of  the  residue  and  the  distillate  collected  in  the 
x'eceiver  is  regarded  as  the  distillation  loss. 

The  fuel-quantity  readings  are  taken  to  within  0.5  ml  during  dis¬ 
tillation,  while  the  temperature  readings  have  an  error  of  less  tlxaf.  : 


The  following  discrepancies  are  tolerated  for  two  parallel  deter¬ 
minations  of  a  fuel's  fractional  composition:  4®  for  the  initial  point  ■ 
of  distillation,  2^  and  1  ml  for  the  end  and  intermediate  points  of 
fractional  composition,  and  0,2  ml  for  the  residue.  The  results  of  dis¬ 
tillation  of  a  fuel  may  he  presented  In  the  form  of  a  distillation 
curve  (Fig.  9):  the  temperature  is  plotted  against  the  axis  of  abs¬ 
cissas  and  the  quantity  of  fuel  (in  percent)  distilled  at  the  temper¬ 
ature  in  question  against  the  axis  of  ordinates. 

The  fractional  composition  of  a  fuel  Influences  the  performance 
of  the  engine  and  its  service  life.  This  Influence  is  different  for 
different  engines:  in  some  engines  it  is  very  strong  and  in  others 
less  noticeable. 

Signiflceince  of  fractional  composition  for  a  carburetor  engine 

The  fractional  composition  of  the  fuel  determines  the  manner  in 
which  the  engine  starts,  the  time  required  to  warm  it  up,  operating 
troubles  due  to  vapor  lock  and  carburetor  icing,  reliability,  fuel 
consumption,  the  power  developed  by  the  engine,  oil  consumption  and 
wear  of  rubbing  parts,  and  particularly  of  the  piston-  and-connec ting- 
rod  assembly. 

A  relationship  has  been  established  between  specific  fractional - 
composition  indices  and  the  behavior  of  fuels  in  carburetor  engines. 

The  temperature  at  which  105^  of  the  fuel  has  boiled  out  is  used 
as  a  basis  for  predicting  its  starting  properties  and  its  tendency  to 
fonn  vapor  locks  in  the  engine's  fuel  system.  The  lower  the  temperature 
at  which  lOjS  of  the  fuel  has  gone  over,  the  better  will  be  its  starting 
properties  and  the  more  easily  will  the  engine  start  on  this  fuel,  but 
there  will  be  a  greater  danger  of  vapor  lock  formation.  The  higher  the 
temperature  at  v;hlch  lOjS  of  the  fuel  has  gone  over,  the  more  difficult 


will  it  be  to  start  the  engine,  but  the  lesser  will  be  the  danger  of 
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vapor  lock.  In  addition  to  the  temperature  of  lOJ^  distillation  which 
has  come  into  most  extensive  use  as  an  Index  to  the  starting  properties 
of  a  fuel,  other  points  In  the  fractional  composition  which  character- 
Ize  the  content  of  light  fractions  In  the  fuel  may  also  he  used  to  pre¬ 
dict  the  st2u?ting  properties  of  a  fuel. 

In  combination  with  the  Reid 
vapor-pressure  Indices,  the  percen¬ 
tage  of  the  gasoline  that  has  gone 
over  at  70®  gives  a  rather  good 
characterization  of  the  starting 
properties  of  a  gasoline  (Fig.  10). 
If  the  minimum  starting  temperature 
of  an  engine  is  -12®  when  a  gaso¬ 
line  with  a  vaporlzability  of  lOjS 
at  70®  Is  used,  then  a  gasoline 
having  the  same  vapor  pressure  but 
a  vaporlzability  of  40j6  at  70®  makes 
It  possible  to  start  the  engine  at 
a  temperature  as  low  as  -29®  [l]. 

The  temperature  at  which  50^  of  the  fuel  has  gone  over  character¬ 
izes  Its  mean  vaporlzability,  which  Influences  the  reliability,  warmup 
time  and  operating  stability  of  the  engine,  Kie  lower  the  temperature 
at  which  505S  of  the  fuel  has  boiled  out,  the  higher  Is  Its  vaporlzabi- 
llty  and  the  better  will  be  the  reliability  and  operating  stability  of 
the  engine  on  the  grade  of  fuel  in  question. 

The  temperature  at  which  90fi  of  the  fuel  has  boiled  out  Indicates 
that  heavy  fractions  that  are  difficult  to  volatilize  are  present  in 
the  gasoline.  The  lower  the  temperature  at  which  905^  of  the  fuel  iiaj? 
gone  over,  the  smaller  is  the  amount  of  heavy  fractions  in  it,  thr 
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Fig.  10.  Influence  of  distilled 
percentage  of  fuel  and  Reid  va¬ 
por  pressure  on  starting  pro¬ 
perties  of  gasoline,  l)  Boiled 
out  at  785^  C,  2)  Reid  vapor 
pressure,  mm  lig;  3)  starting  at 

-29®. 


TABLE  1 

Operating  economy  on  gas¬ 
oline  with  vaporizability 
of  33J6  at  70“  and  56^  at 
98.9'’  as  compared  with 
operation  on  gasoline  with 
a  vaporizability  of  235^  at 
70“  and  46^  at  98.9®  U] 
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1,7 

123 

33 

03 

1)  Distance  travelled,  km; 

2)  gasoline  economy,  per¬ 
cent;  3)  vehicle  A;  4j 
vehicle  B. 


complete  will  be  the  vaporization  of  the 
fuel  in  carburetlon  and  the  more  uniform 
will  be  the  distribution  of  the  mixture 
among  the  cylinders. 

The  research  of  Academician  Ye. A. 
Chudakov  [2]  and  numerous  operational 
tests  have  shown  that  heavy,  hard-to- 
vaporize  gasoline  fractions  have  a  highly 
detrimental  influence  on  the  performance 
of  automobile  engines.  As  the  temperatures 
at  which  50  and  90^  of  the  fuel  have  boil¬ 
ed  out  rise,  fuel  consumption  increases; 
the  heavy  fractions  of  the  fuel  are  not 


burned.  Some  of  them  penetrate  into  the  crankcase.  Depending  on  the 
quantity  of  heavy  fractions  in  the  gasoline,  the  combustion  efficiency 
may  range  from  10  to  70^. 

Penetrating  into  the  crankcase,  the  heavy  gasoline  fractions  wash 
the  oil  from  the  cylinder  walls  and  dilute  the  oil  in  the  crankcase. 
This  contributes  to  rapid  wear  of  the  engine  parts  and  increased  fuel 
consumption,  since  the  diluted  oil  has  a  stronger  tendency  to  enter  the 
combustion  cliamber  and  pump  out  through  defective  seals  in  the  crank¬ 
case. 


The  consumption  of  fuel  in  an  engine  depends  not  only  on  the  pre¬ 
sence  of  heavy,  hard-to-vaporize  fractions  In  the  fuel,  but  also  on  the 
content  of  the  fractions,  which  Influence  the  reliability  of  the  engine 
in  wintertime  operation. 

After  an  engine  has  been  started  in  winter.  It  should  be  allowed 
to  run  at  lew  speed  for  a  certain  time  in  order  to  warn  it  up.  The 
heavier  the  fuel,  the  more  thoroughly  must  the  engine  be  warmed  up  to 
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prevent  flooding  when  the  speed  is  Increased.  Consequently,  when  hard- 
to-vaporlze  fuels  are  used,  the  engine  should  be  allowed  to  operate 
longer  at  a  low  throttle  setting  before  being  opened  up  them  Is  the 
case  when  a  readily  vaporized  fuel  Is  employed.  And  the  longer  the 
warmup  period  at  paj*t  throttle,  the  higher  i^lll  be  the  consumption  of 
gasoline . 

When  engines  are  operated  \mder  urban  conditions,  where  stops  are 
frequent  and  the  distances  travelled  do  not  exceed  a  few  kilometers, 
much  fuel  Is  consumed  in  warming  them  up.  The  influence  of  fuel  frac¬ 
tional  composition  on  fuel  consumption  involved  in  warming  up  the  en¬ 
gine  becomes  more  pronounced  when  the  runs  are  shorter  (see  Table  l). 
Influence  of  fuel  fractional  composition  in  the  case  of  diesel  fuel 

In  the  case  of  a  diesel  engine,  the  fractional  composition  of  a 
fuel  Influences  fuel  consumption,  smoke  content  of  exhaust,  the  ease 
with  which  the  engine  is  started,  carbon  fonnatlon  and  nozzle  coking, 
piston -ring  scorching  and  wear  of  rubbing  parts. 

The  sensitivity  of  the  diesel -engine  cycle  to  the  fractional  com¬ 
position  of  the  fuel  depends  In  many  ways  on  the  manner  in  which  the 
mixture  is  formed  in  the  engine,  since  this  Influences  the  pressure, 
temperature  and  turbulence  of  the  charge  in  the  combustion  process. 

The  higher  the  pressure,  temperature  and  turbulence  of  the  cliarge,  the 
less  strongly  will  the  influence  of  fuel  fractional  composition  make  it¬ 
self  felt  in  the  ocmbustlon  process. 

High-speed  diesels  require  a  fuel  with  a  lighter  fractiona?  compo¬ 
sition  than  do  low-speed  diesels. 

The  use  of  a  diesel  fuel  having  a  heavler-than-requlred  fractional 
composition  in  high-  and  low-speed  diesels  lnC3*eases  Tael  consumption, 
adversely  affects  starting,  increases  the  rate  of  carbon-depc^it  l‘o:ra- 
tion,  and  causes  coking  of  the  nozzles,  as  well  as  a  higher  rate 
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wear  of  the  components  and  an  Increase  tn  the  exhaust  smoke  content. 

An  excessively  light  fuel  fractional  composition  has  an  effect 
on  diesel  performance  that  is  no  less  detrimental  than  that  of  ex¬ 
cessively  heavy  fuels.  • 

As  the  fractional  composition  of  a  fuel  prepared  from  a  given 
raw  material  becomes  lighter,  we  have  firstly  a  drop  In  cetane  number; 
secondly,  a  drop  In  the  viscosity  of  the  fuel  (at  very  low  viscosity, 
wear  of  the  fuel -supply  apparatus  increases,  as  does  fuel  leakage  from 
the  system);  thirdly,  we  have  an  increase  in  the  diesel's  operating 
“hardness",  since  the  quantity  of  mixture  prepared  for  ignition  de¬ 
pends  on  the  speed  with  which  the  fuel  is  vaporized. 

Saturation  Vapor  Pressure 

The  vapor  pressure  of  a  fuel,  or  the  pressure  of  its  saturated 
vapors,  is  one  of  the  indices  to  its  vaporizabillty. 

Two  standard  methods  are  known  for  determining  the  saturation 
vapor  pressures  of  fuels:  the  bomb  methou  (after  Reid,  GOST  1756-52) 
and  the  Valyavskiy -Budai'ov  method  (GOST  6668-53)* 

GOST  1756-53  method 

The  vapor  pressure  is  detemlnt-d  in  an  £L:t^paratus  (Pig.  11 )  con¬ 
sisting  of  a  steel  bomb  with  two  chaml  rs:  an  upp  sr  air  cliamber  with  a 
capacity  of  516  cm^  and  a  lovi-er  gasoline  ohduaber  with  a  capacity  of 
129  l.e.  j  the  capacity  of  the  air  chamber  is  to  the  capacity  of 
the  gasoline  chamber  as  4:1. 

The  chambers  conuaur»icate  i  hrough  a  tube.  A  mancmieter  is  inserted 
in  the  air  chamber  to  measure  the  pressure.  For  a  test,  the  lower  cham 
ber  is  filled  with  the  fuel  in  question  and  the  upper  chamber  screwed 
on  over  it  with  the  "canomet  er. 

Assembled  In  this  maruier,  the  apparatus  is  immersed  in  a  bath  cor. 


taining  a  liquid  which  is  held  at  constant  temperature. 


After  the  apparatus  has  been  Immersed  In  the 
bath,  the  stopcock  leadlr*g  to  the  manometer  Is  open¬ 
ed  and  the  manometer  is  read  after  5  min.  Then  the 
stopcock  Is  closed,  the  apparatus  Is  taken  out  of 
the  bath,  shaken  vigorously,  and  replaced  in  the 
bath;  the  manometer  reading  Is  again  noted. 

These  operations  are  repeated  every  2  min.  When 
the  manometer  reading  no  longer  changes,  the  last 
reading  Is  taken  and  corrected  for  the  variation  of 
air  pressure  as  a  function  of  tempemture  (computed 
by  formula  or  taken  from  the  tables)  to  obtain  the 
fuel's  saturation  vapor  pressure. 

In  accordance  with  the  standard,  the  fuel  vapor 
pressure  Is  determined  at  38. 0®  and  measured  In  mil- 
llmeters  of  mercury  or  in  kg/cm  .  The  vapor  pressure 
of  a  fuel  is  Influenced  considerably  by  temperature 
and  by  the  proportions  between  the  vapor  and  liquid 
phases,  so  that  the  vapor  pressure  is  determined  at 
a  certain  constant  vapor-to-llquid  ratio  and  at  constant  temperature  In 
order  to  obtain  comparable  figures. 

The  disagreement  between  parallel  determinations  may  not  exceed 
+5  mm  Hg  from  the  arithmetic  meiui  of  the  results  being  compared. 

The  Valyavskly-Budarov  method  (GOST  6668-53) 

The  saturation  vapor  pressure  of  a  fuel  is  determined  from  the  in¬ 
crease  In  volume  of  the  air-  and-vapor  mixture  after  fuel  has  been 


Fig.  11.  Bomb 
for  determin¬ 
ing  vapor  pre¬ 
ssure  of  gaso¬ 
line.  1)  Mano¬ 
meter;  2)  wat- 
«r;  3)  gaso¬ 
line  vapor;  4) 
gasoline  to  be 
tested. 


evaporated  in  a  gae  burette  at  oonetant  pressure  and  a  1;1  ratio  between 
the  initial  volumes  of  the  air  and  fuel.* 

The  Valya vskly-Budarcv  apparatus  (Mg.  12)  consists  of  the  . 


ing  basic  parts:  the  burette  1  with  the  direct  ccaSEUi-iicating 


the  capaotty  of  the  burette  being  about  30  ml 
in  the  upper  part  and  20  to  25  ml  in  the  lower 
part  (it  is  graduated  at  0. 2-ml  intervals  at 
the  top  and  0.5rml  Intervals  at  the  bottom), 
the  T-pipe  2,  which  is  fitted  with  the  siphon 
tube  4  and  the  barometric  tube  10,  the  beaker 
3  with  the  agitator  12,  which  serves  as  the 
bath,  the  thermometer  11  and  the  bottom-tube 
equalizing  bottle  5.  The  bottle  5  is  filled 
with  a  liquid  that  is  not  soluble  in  the  fuel 
to  be  tested. 'For  example,  when  hydrocarbon 
fuels  are  to  be  tested,  water  is  normally  used 
above  0®  (with  salt  added),  while  antifreeze 
(a  mixture  of  ethylene  glycol  with  water)  is  used  below  0®. 

The  following  operations  are  performed  to  determine  the  saturation 
vapor  pressure  of  the  fuel.  By  raising  the  equalizing  bottle  5  above 
the  upper  bend  of  the  siphon  tube  4  with  the  cocks  6  and  8  open,  the 
burette  is  filled  with  liquid.  Then  the  cock  6  is  closed  and  the  bot¬ 
tle  5  is  lowered  to  a  level  at  which  the  amount  of  air  required  for  the 
test  remains  in  the  burette  (the  water  is  drained  slowly  fi*om  the  bu¬ 
rette  and  air  admitted  by  cracking  the  cock  6). 

Then,  with  the  cock  6  closed,  the  bottle  5  is  lowered  to  a  level 
at  which  it  is  desired  that  the  vapor-  and-alr  mixture  settle  after  ex¬ 
pansion,  and  the  fuel  admitted  cautiously  into  the  burette  from  the 
pipette  9,  which  is  connected  by  the  section  of  rubber  tube  7,  through 
the  cock  6. 

After  the  equalising  bottle  5  has  been  adjusted  so  tiiat  the  liquid 
level  in  the  barometric  tube  10  is  at  the  same  helgi\t  as  the  fuel  level 
in  the  burette  and  then  held  at  this  height  for  5  minutes,  the  volume 
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Fig.  12.  Valyavskly- 
Budarov  apparatus. 
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of  the  vapor  phase  is  read  from  the  upper  meniscus  of  the  fuel  in  the 
burette. 

The  saturation  vapor  pressure  of  the  fuel  is  computed  by  the  for¬ 
mula 

where  is  the  saturation  vapor  pressure  of  the  fuel  in  mm  Hg, 

is  the  initial  volume  of  the  air  (prior  to  evaporation  of  the  fuel)  in 
ml,  Vg  is  the  volume  of  the  air-  and -vapor  mixture  (after  evaporation 
of  the  fuel)  in  ml,  is  the  atmospheric  pressure  in  mm  Hg  and  49.7 
is  the  saturation  vapor  pres.-ure  of  the  water  in  the  burette  at  38®  in 
mm  Hg. 

The  divergence  allowed  between  parallel  determinations  is  of 
the  arithmetic  mean  of  the  results  being  compared. 

The  saturation  vapoj;*  pressure  is  used  as  a  basis  for  inferences 
as  to  the  following: 

1)  the  presence  of  readily  vaporized  fractions  in  the  fuel  that 
would  contribute  to  the  formation  of  vapor  lock.  The  higher  the  fuel’s 
saturation  vapor  pressure,  the  larger  is  its  content  of  low-boiling 
fractions  and,  consequently,  the  greater  is  the  danger  of  vapor-lock 
formation  when  an  engine  Is  operating  on  such  a  gasoline j 

2)  the  starting  properties  of  the  fuel.  The  higher  the  saturation 
vapor  pressure,  the  better  the  starting  properties  of  the  fuel  and  the 
shorter  the  time  required  to  start  and  warm  up  the  engine j 

3)  the  possible  losses  of  fuel  due  to  evaporation  during  storage. 
The  higher  the  saturation  vapor  pressure  of  the  fuel,  the  greater  will 
be  the  fuel  losses. 

High  fuel  vapor  pressure  results  in  formation  of  vapor  locks  and 
Increased  storage  losses  on  the  one  hand  and,  on  the  other,  it  is  r. 
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determining  factor  for  ease  of  starting  and  rapid  warmup  of  the  engine.  ; 
It  is  impossible  to  reconcile  such  contradictory  properties.  ; 

It  is  impossible  to  create  a  fuel  that  will  not  produce  vapor  locks; 
and,  at  the  same  time,  will  Insure  easy  starting  of  the  engine  in  both  ; 
winter  and  summer.  Consequently,  the  fuels  are  produced  with  vapor  pres-' 

sures  such  that  the  tendency  to  vapor  lock  will  be  minimized  while  the  ' 

! 

fuel  still  possesses  the  required  starting  properties  for  summer  and 
autumn.  For  starting  the  engine  in  winter,  however,  it  is  necessary 
either  to  preheat  the  engine  or  to  use  special  starting  fuels  with  high 
vapor  pressures. 


Evaporation  Losses 

The  Budarov  method  (GOST  6369-52) 
is  used  to  evaluate  the  tendency  of 
fuels  to  evaporation  losses  in  decanting, 
fueling,  storage,  shipping  and  other  han¬ 
dling  operations. 

The  essence  of  the  method  consists 
in  determining  the  weight  loss  of  the 
fuel  (in  by  weight)  after  ten  times 
the  i-clume  of  air  has  been  blown  through 
it  at  20®  in  a  Budarov  appai*atu3  (Fig. 


Pig.  13.  Budarov  apparatus. 

13).  The  apparatus  consists  of  the  following  basic  components;  a  mea¬ 
suring  flask  1  with  a  capacity  of  100  ml  for  measuring  out  the  required 
quantity  of  airj  the  test  tube  2,  where  the  air  is  bubbled  througii  the 
fuel,  the  beaker  3#  which  serves  as  the  bath,  and  the  equalising  bottle 
4,  the  s\;nct5on  of  which  is  to  displace  the  air  from  the  measuring 
flask- 1  with  ^ter  flowii'.g  from  the  bottle  into  the  measuring  flask  by 
the  iiphon  effect. 

Evaluation ^cf  the  tendency  of  fuels  to  suffer  evaporation  losses. 
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using  this  method  at  20®,  give  the  following  results  (in  ^  by  weight). 

Isopentane .  15.6 

Automobile  gasoline  A-66  . . 2.2 

Aviation  gasoline  B-100/130  1.4 

”  "  A-66  (direct-distilled)  ....  1.3 

. .  "  B-95/115 .  1.0 


B-92 


Benzene 

Llgroin 


Rectified  ethyl  alcohol 


Diesel  fuel 


0.60 

0.4l 

0.14 

0.11 

0.066 


There  is  a  relationship -between' evaporation  losses  and  vapor  pres 
sure.  The  Ibsses  increase  with  a  certain  increasing  rate  as  the  vapor 
pressure  rises. 

VISCOSITY 

Viscosity  is  the  internal  friction  of  a  fluid. 

Viscosity  may  be  expressed  lii  units  of  dynamic  viscosity  or  in 
kinematic,  specific,  or  arbitrary  units. 

p 

If  we  take  two  layers,  each  with  an  area  of  1  cm  in  a  fluid  at  a 
distance  of  1  cm  from  one  another  and  shift  one  layer  relative  to  the 
other  at  a  rate  of  1  cra/sec,  the  resistance  in  dynes  offered  by  the  11 
quid  will  be  its  dynamic  viscosity.  The  viscosity  of  a  fluid  that  re¬ 
sists  such  displacement  with  a  force  of  1  dyne  is  taken  as  the  unit 
dy'^amic  viscosity. 

The  unit  of  dynamic  viscosity  expressea  in  the  CGS  system  (centi¬ 
meter-gram  -second)  is  known  as  the  poise.  One -one  hundredth  of  a  poise 
l.^  called  a  centipoise.  The  dimensions  of  the  poise  are  dynes*  sec/cm^ 
or  s/cm* sec. 

The  kinematic  viscosity  is  the  ratio  of  the  dynamic  viscosity 


the  density  of  the  liquid  at  the  same  temperature. 

The  unit  of  kinematic  viscosity  in  the  CGS  system  is  the  stoke. 

The  dimensions  of  the  stoke  are  cmVsec*  One -one  hundredth  of  a  stoke 
is  a  centistoke. 

The  specif io  vlBeosltv  is  the  ratio  of  the  dynamic  viscosity  of 
the ‘fluid  in  question  to  the  dynamic  viscosity  of  water; 

in  =.  J- 

Normally,  the  dynamic  viscosity  of  water  at  20®,  which  is  I.OO5 
centipoise,  is  usedj  consequently,  the  specific  viscosity  is  higher  by 
a  factor  of  100  than  the  dynamic  viscosity,  i.e.. 

The  arbitrary  or  relative  viscosity  is  the  viscosity  expressed  in 
arbitrary  units  as  obtained  on  the  various  types  of  viscosimeters.  Thus, 
the  viscosity  is  measured  in  Engler  degrees  in  the  Engler  viscosimeter, 
in  Saybolt  seconds  in  the  Saybolt  viscosimeter,  and  in  Redwood  seconds 
in  the  Redwood  viscosimeter. 

In  the  USSR,  it  is  customary  to  express  the  arbitrary  viscosity  in 
VU  degrees,  which  correspond  to  Engler  degrees.  Usually,  the  viscosities 
of  fuels  are  determined  in  Ostwald-Pinkevich  capillary  viscosimeters 
(with  three  expansions)  or  in  Volarovich  viscosimeters  (with  four  ex¬ 
pansions)  in  accordance  with  GOST  33-53»  The  determination  reduces  to 
measurement  of  the  time  required  for  a  certain  volume  of  fuel  to  flow 
out  through  a  capillary.  By  multiplying  the  time  of  fuel  outflow  by  the 
capillary  constant  of  the  viscosimeter,  we  obtain  the  kinematic  visco¬ 
sity  in  centistokesj  the  viscosimeter  constant  is  determined  from  the 
time  of  outflow  of  a  standard  liquid  from  the  capillaiy  in  question  at 
20®.  If  it  is  necessary  to  express  the  viscosity  of  the  fuel  in  VU  de-. 
gi’ees,  the  kinematic  viscosity  obtained  is  converted  into  VU  degrees 


by  reference,  to  fomulas,  tables,  or  graphs. 

Viscosities  are  normalized  in  the  GOST  for  llgroin.  Jet  and  diesel 
fuels,  solar  oil  and  mazouts. 

The  viscosities  of  llgroin  and  Jet  fuels  are  determined  in  the  tem 
perature  range  from  +20  to  -50® j  those  of  diesel  fuels  are  determined 
at  +20  and  +50®,  those  of  solar  oils  at  +50®,  and  those  of  mazouts  at 
temperatures  from  0  to  100®. 

Viscosity  is  one  of  the  most  Important  quality  indices  of  a  fuel. 
It  is  a  factor  determining  the  fuel’s  evaporation  and  combustion  pro¬ 
perties,  the  operational  dependability  and  longevity  of  the  fuel  [bu¬ 
rning]  apparatus  and  the  possibility  of  using  the  fuel  at  low  temper¬ 
atures.  .  . .  " 

HEAT  OP  COMBUSTION 

Heat  of  combustion  is  a  term  applied  to  the  quantity  of  heat  (in 
calories)  liberated  on  complete  combustion  of  1  g  or  1  kg  of  the  fuel. 
This  index  was  encountered  earlier  under  the  name  "fuel  heating  value. " 

We  distinguish  between  the  upper-limit  and  lower-limit  heats  of 
combustion.  The  upper-limit  heat  of  combustion  is  the  quantity  of  heat 
liberated  with  cbndensation  of  the  water  vapor  contained  in  the  fuel 
prior  to  combustion  and  that  formed  during  combustion.  The  lower-limit 
heat  of  formation  is  the  quantity  of  heat  liberated  by  1  kg  of  fuel  on 
complete  combustion  less  the  heat  expended  in  evaporating  the  water 
present  iii  the  fuel  before  combustion  and  that  formed  in  combustion. 

The  difference  between  the  upper-limit  and  lower-limit  heats  of 
combustion  ranges  from  5  to  10^  for  petroleum  products.  Normally,  the 
lower-limit  heat  of  combustion  is  used  for  thermal -er.gineering  calcula¬ 
tions  and  to  evaluate  the  heat  of  combustion  of  motor  fuels. 

The  heat  of  combustion  of  a  fuel,  expressed  in  kilogram-calor.iea 
per  1  kg  of  fuel  (kcalAs)  Is  known  as  the  unit -weight  heat  of  corj/j's/,-- 


tion,  while  that  expressed  In  kilogram-calories  per  1  liter  of  fuel 
(kcal/liter)  is  known  as  the  unit-volume  heat  of  combustion.  The  unit- 
volume  heat  of  combustion  is  equal  to  the  unit-weight  heat  of  combus¬ 
tion  multiplied  by  the  density  of  the  fuel. 

The  operating  radius  of  an  aircraft,  motor  vehicle  or  ship  de- 

\ 

pends  on  the  heat  of  combustion  of  its  fuel,  since  the  specific  fuel 
consumption  diminishes  with  increasing  unit -weight  heat  of  combustion 
and,  for  a  given  fuel-tank  capacity,  the  fuel  carried  produces  a  great¬ 
er  heat  effect  as  the  unit-volume  heat  of  combustion  rises. 

The  heat  of  combustion  is  determined  either  by  burning  the  fuel 
in  calorimeters  or  by  calculation  from  theoretical  and  empirical  for¬ 
mulas.  Two  standard  methods  are  known  for  determining  the  heats  of  com¬ 
bustion  of  petroleum  products:  the  VTI  method  (GOST  5080-55)  for  deter¬ 
mining  the  heats  of  combustion  of  liquid  motor  fuels  and  the  bomb -com¬ 
bustion  method  (GOST  6712-53)  for  determining  the  heat  of  combustion 
of  heavy  petroleum  products  and  petroleums  that  do  not  contain  volatile 
products. 

The  VTI  method  (GOST  5030-55)  consists  in  burning  a  weighed  speci¬ 
men  of  the  fuel  to  be  tested  in  a  medium  of  compressed  oxygen  in  a  bomb 
calorimeter,  measuring  the  quantity  of  heat  liberated  in  this  process, 
and  computing  the  heat  of  combustion  from  the  results  of  the  experiment. 
A  0.5  -  0.6+  0.0002-g  specimen  of  the  fuel  to  be  tested  is  placed  in  a 
Zubov  dish. 

The  dish  with  the  fuel  is  covered  with  a  combustible  film  that  is 
impermeable  to  the  vapors  of  the  fuel  and  then  inserted  in  the  bomb  for 
cofcibustion  of  the  fuel.  The  heat  of  combustion  is  arrived  at  on  the  ba¬ 
sis  of  the  quantity  of  heat  liberated  during  combustion  of  the  weighed 
fuel  specimen  and  expressed  in  calories  per  1  g  to  within  10  cal. 

The  disagreement  tolerated  between  two  parallel  determinations  is 


no  greater  than  30  cal/g. 

The  bomb  method  (GOST  6712-53)  is  similar  to  the  VTI  method,  the 
only  difference  being  that  0.6  —  0.8+  0.0002  g  of  the  petroleum  pro¬ 
duct  to  be  tested  is  placed  in  a  miniature  crucible  dish  and  not  cov¬ 
ered  with  the  film.  The  heat  of  combustion  is  expressed  in  cal/g  with 
an  error  of  10  cal.  The  disagreement  between  two  parallel  heat-of- 
combustlon  determinations  may  not  exceed  30  cal/g. 

STABILITy 
Actual  Tars 

Actual  tars  are  products  that  remain  in  the  form  of  a  solid  or 
semiliquid  residue  in  a  glass  beaker  after  fuel  has  been  rapidly  and 
completely  evaporated  from  it.  In  other  words,  these  are  the  tars 
present  in  the  fuel  in  the  dissolved  state  plus  some  that  have  form¬ 
ed  during  the  experiment. 

Actual  tars  occur  for  the  most  part  in  fuels  that  contain  unsat¬ 
urated  hydrocarbons,  which  have  a  tendency  to  polymerize  and  form 
tars  under  the  Influence  of  oxygen,  elevated  temperature,,  and  light. 
Such  fuels  Include  cracking  gasolines  and  various  mixtures  of  them. 

The  actual  tars  are  determined  in  accordance  with  GOST  1567-56 
or  GOST  8489-58*  The  esse.itlals  of  determlulng  actual  tars  after  GOST 
1567-56  reduce  to  the  following.  Under  a  current  of  air,  25  ml  of 
gasoline  that  has  been  heated  to  150®  (Fig.  14)  is  evaporated  from  a 
glass  beaker.  After  evaporation  of  the  gasoline,  the  beaker  is  weigh¬ 
ed  and  the  number  of  milligrams  of  tars  per  100  ml  of  gasoline  is 
determined. 

Aotual-t&r  contents  below  2  mg  per  100  ml  of  fuel  are  regarded 
as  negligible  amounts. 

Eudarov  actual  tars  (GOST  8489-57)  are  determined  by  evaporat’:ig 
the  fuel  under  a  Jet  of  steam  in  a  special  apparatus.  The  apparatus 
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Fig.  l4.  Apparatus  for  deter¬ 
mining  actual  tar  content  after 
GOST  1567-56.  1)  Iron  vessel; 

2)  removable  iron  cover;  3i 
blind  pockets  for  insertion  of 
beakers;  5)  copoer  coil;  6^  7) 
ends  of  coil;  o)  removable  gr¬ 
ound  T-pipe  for  delivery  of  air 
into  beakers;  9»  10)  holes  for 
Insertion  of  thermometer  and 
temperature  regulator. 


consists  of  an  oil  bath  in  which  two  pockets  for  beakers  with  the 
fuel  to  be  tested  and  two  vessels  whose  function  is  to  evaporate 
water  (Fig.  15)  are  immersed.  In  determining  the  actual -tar  content 
in  gasolines «  23  ml  of  the  gasoline  to  be  tested  ax^  used  and  the 
experiment  is  run  at  160+5®.  In  determining  the  actual  tars  in  T-1, 
TS-1  and  T-2  fuels,  20  ml  of  fuel  are  taken,  while  determinations  in 
tractor  kerosenes  are  made  with  10  ml  and  the  experiment  is  run  at 
185+5®.  The  s*esults  of  the  actual -tar  determination  are  expressed  In 


Fig.  15*  Apparatus  for  deter¬ 
mining  actual  tars  after  Buda- 
rov.  l)  Cylindrical  steel  ves¬ 
sel  with  asbestos  insulation; 

2)  vessel  for  evaporation  of 
water;  3)  blind  pocket  for  in¬ 
sertion  of  beaker  with  fuel  to 
be  tested;  4)  beaker;  5i  6)  tu¬ 
bes  for  thermometers;  7)  coll; 

8)  funnel;  9)  stopcock;  10)  tu¬ 
be  for  drainage  of  water  into 
evaporator;  11 )  vapf'r  offtake 
(steel  tube  to  duct  water  and 
fuel  vapor  from  pocket);  12) 
heat -insulation  jacket  on  vapor 
offtake;  serves  to  prevent  con¬ 
densation  of  vapor;  13)  T-pipe 
for  connecting  vapor  offtake 
with  condenser  and  flask;  14) 
condenser;  15)  flask. 

mg/100  ml  of  fuel. 

In  aviation  gasolines,  the  actual -tar  content  may  not  be  great¬ 
er  than  2  mg  per  100  ml  of  gaeollne,  while  it  may  range  from  2  to  20 
ms  aut<Mnobile  gasolines,  depending  on  grade. 

As  the  quantity  of  tar  in  the  gasoline  increases,  the  rule  is 
that  octane  number  diminishes  and  the  acidity  of  the  gasoline  iii- 


creases;  the  latter  causes  severe  corrosion  of  the  tanks.  The  color 

of  the  gasoline  also  changes  when  this  happens:  the  gasoline  becomes 

* 

yellow  and  may  even  acquire  a  brown  or  black  color. 

An  elevated  content  of  actual  tars  in  gasoline  results  in  depo¬ 
sition  of  tars  and  carbon  In  the  induction  system,  on  the  valves,  and 
in  the  engine 's  combustion  chamber. 

Induction  Period 

Determination  of  actual  tars  enables  us  to  form  a  judgment  pri¬ 
marily  as  to  the  presence  of  tars  in  the  gasoline.  However,  it  is 
very  important  for  the  operatlonai  personnel  to  know  how  strongly 
the  gasoline  is  inclined  to  tar  formation  and  how  long  it  can  be 
stored. 

The  tendency  of  gasoline  to  form  tars  is  evaluated  by  determi¬ 
nation  of  the  induction  period  (GOST  4039-^)  •  100  ml  of  gasoline 
are  poured  into  a  glass  beaker,  covered  with  a  watch  glass,  and  pla¬ 
ced  in  a'  special  metal  bomb  (Fig.  16).  The  bomb  is  filled  with  oxy¬ 
gen  under  a  pressure  of  7  atmospheres,  lowered  into  boiling  water, 
and  held  there  until  the  manometer  on  the  bomb  indicates  a  pressure 
drop.  This  signals  that  the  gasoline  has  begun  to  oxidize,  i.e.,  that 
tars  have  begun  to  form  in  it. 

The  time  (in  minutes)  during  which  the  pressure  in  the  bomb  re¬ 
mained  constant  at  a  gasoline  temperature  of  100*^  is  known  as  the 
induction  period.  If  it  is  stated  tliat  the  induction  period  of  a 
gasoline  is  240  minutes,  this  means  that  on  heating  in  the  bomb  to 
100*  in  the  presence  of  oxygen*  the  gasoline  began  to  oxidize  after 
240  minutes. 

The  longer  the  induction  period,  the  more  resistant  the  gasoline 
to  tar  formation,  and  the  longer  may  it  be  stored  without  incurring 
the  danger  of  tar  formation. 


Cokablllty  of  10^  residue 


This  index  furnishes  an  arbitrary  eva¬ 
luation  of  the  tendency  of  diesel  fuels  to 
form  carbon  deposits  in  engines.  Fractional 
distillation  is  applied  to  100  ml  of  the 
fuel  to  be  tested  and  conducted  in  such  a 
way  that  10  ml  of  fuel  remain  in  the  flask 
after  distillation.  The  determination  is 
run  in  a  stsuidard  apparatus  at  least  2 
times  in  accordance  with  GOST  2177-59. 

The  cokablllty  of  the  10j6  diesel-fuel 
residue  is  determined  in  the  apparatus  used 
to  determine  the  cokabllltles  of  mineral 
oils  (GOST  5061-49).  A  porcelain  crucible 
receives  a  weighed  specimen  of  about  8  g  of  the  lOjg  residue.  The  cruci¬ 
ble  is  then  enclosed  in  two  iron  crucibles  that  are  covered  and  placed 
under  a  bell  and  then  heated.  Having  been  heated  to  high  temperature 
without  access  of  air,  the  10^  residue  vaporizes  and  decomposes,  with 
the  result  that  combustible  gases  are  evolved  and  bum  during  the  ex¬ 
periment,  while  the  coke  that  has  formed  reinains  in  the  porcelain 
crucible.  The  coke  content  is  expressed  in  percent  of  the  weight  of 
10^  residue  poured  into  the  crucible. 

The  cokablllty  of  the  10^  I'esidue  from  the  diesel  fuel  to  be 
tested  is  computed  as  the  arithmetic  mean  of  the  results  of  two  paral¬ 
lel  detemlnations,  between  which  a  disagreement  no  greater  than  20^ 
of  the  smaller  of  the  two  results  obtained  is  tolerated. 
f‘^gthod  Involving  determination  of  maxltaum  smokeless -flame  height 

Method  involving  determination  of  maximum  smokeless -flame  hei'hX 
Is  essployed  to  evaluate  the  carbon-forming  property  of  Jet  fuels: 


Fig.  16.  Bomb  for  de¬ 
termination  of  of  in¬ 
duction  period  of  ga¬ 
soline.  1)  Oxygenj  2) 
gasoline;  3)  water 
(100°);  4)  electric 
oven. 


this  is  familiar  es  th<=^  rai^thod  used  to  evaluate  the  Illuminating  and 
heating  abillti  of  clear  petroleum  products  when  they  are  burned  in 
lamps  and  heating  devices.  The  essentials  of  the  method  are  as  fol¬ 
lows.  10  ml  of  the  fuel  to  be  tested  are  poured  into  a  specially  de¬ 
signed  lamp.  After  the  lamp  has  burned  for  5  minutes  with  a  flame 
height  of  about  10  mm,  the  wick  is  raised  so  high  that  soot  forms 
and  then  lowered  until  the  soot  has  disappeared;  then  the  height  of 
the  smokeless  flame  in  mm  is  measured  by  reference  to  a  height  scale. 

The  greater  the  height  of  the  smokeless  flame,  the  higher  is  the 
quality  of  the  product  being  tested. 

Stability  Period  of  Aviation  Gasolines 

When  ethylated  aviation  gasolines  are  stored,  lead  compounds 
may  precipitate  in  the  form  of  solid  deposits.  Their  stability  during 
storage  is  evaluated  by  a  method  of  determining  precipitation  resis¬ 
tance  (GOST  667-56)  developed  by  I.V,  Hoshkov,  G.S.  Shimonayev  and 
Ye.N.  Kornilova.  The  essentials  of  the  method  are  as  follows.  25  ml 
of  the  gasoline  to  be  tested  are  poured  into  a  100-ml  glass  bottle 
with  a  hermetically  sealed  stopper  and  heated  to  100®  in  an  LSA-1 
apparatus  (Fig.  17)*  Every  half  hour  or  hour  a  visual  observation  is 
taken  to  determine  whether  a  precipitate  has  formed  in  the  gasoline. 
The  time  at  which  a  precipitate  appears  is  fixed  as  the  end  of  the 
test. 

Tne  time  (In  hours)  for  which  no  deposit  forms  in  ethylated 
gasoline  during  oxidation  by  atmospheric  oxygen  at  a  temperature  of 
100*  is  taken  as  an  index  to  the  stability  of  the  gasoline  to  forma¬ 
tion  of  these  sediments,  the  smaller  time  value  obtained  paral¬ 
lel  determiiiations  In  two  bottles  is  taken  as  the  test  result. 

A  divergence  of  1  hour  is  tolerated  for  stability  period©  less 
than  2^  houi^,  and  2  hours  for  periods  longer  than  24  hours. 
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The  stability  period  Is  used  to  Judge  the  speed  with  which  depo¬ 
sits  may  form  In  ethylated  aviation  gasolines  as  a  result  of  decompo¬ 
sition  of  the  ethyi  fluid. 

Ethylated  gasolines  having  stability  periods  between  20  and  24 
hours  may  be  stored  for  3  years  at  higi.  temperature  without  danger  of 
sediment  formation  in  them.  Ethylated  gasolines  with  stability  periods 
of  4  hours  may  be  stored  for  approximately  one  year.  On  the  other  hand, 
it  is  recommended  that  gasolines  with  stability  periods  less  than  4 
hours  be. used  at  the  first  opportunity,  since  the  possibility  that 
sediment  may  appear  in  such  a  gasoline  in  a  few  months  of  storage  can¬ 
not  be  excluded. 

THERI-IAL  STABILITY 

Thermal  stability  characterises  the  resistance  of  a  fuel  to  for¬ 
mation  of  sediments  on  heating  in  the  presence  of  air.  Thermal  stabi¬ 
lity  is  determined  by  the  method  developed  by  I.V,  Roahkov  (GOST  9144- 
59) »  essentials  of  the  method  consist  in  oxidation  of  50  ml  of  the 
fuel  in  an  LSA-1  apparatus  (see  Pig.  17)  at  a  temperature  of  150®  for 
1  hour.  The  fuel  that  has  been  oxidised  is  filtered  th.^>ugh  an  ash¬ 
free  paper  filter  and  tJie  quantity  of  sediment  that  has  foimed  is  de¬ 
termined  by  weighing,  thermal  stability  is  expressed  in  milligrams 
of  sediment  per  100  ml  of  fuel. 

COBHOSXC^i  P  WBRTIES 
Gopper-Fiate  Test 

The  copper-plate  test  (GOST  6321,52)  serves  fcr  detection  of  ac¬ 
tive  sulfur  c<s3ipounds  and  free  sulfur,  which  cause  corrosion  of  sietaXs, 
in  Use  fuel. 


A '  sta$tdanl-sis«  copjier  plate  Ksade  from  pui>e  electrolytic  copper 
is  held  in  the  fuel  for  3  hours  at  50“ »  its  surface  is  then  cci- 
pared  with  a  bri^it  plats  that  has  not  been  subjected-  to  Usls 
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Fig.  17*  LSA-1  appar¬ 
atus  for  determining 
thermal  stability  of 
fuels.  1)  Cylindrical 
housing;  2)  cover;  3) 
open-type  electric 
heater  grid;  4)  fan; 
5)  electric  motor;  6) 
diffuser;  7)  cartrid¬ 
ges  with  four  flasks; 
o)  handle  for  turning 
cartridges  with  fla¬ 
sks;  9)  inspection 
window;  10)  electric 
light  bulbs;  11 )  con¬ 
tact  thermometer;  12) 
monitoring  mercury 
thermometer,  a)  Sec¬ 
tion  through  AB. 


The  appearance  of  black,  dark-brown  or  steel- 
gray  deposits  and  stains  on  the  plate  indica¬ 
tes  that  active  sulfur  compounds  capable  of 
causing  corrosion  in  an  engine  cr  in  a  fuel 
system  are  present  in  the  fuel.  If  any  other 
changes. or  no  color  changes  at  all  have  oc¬ 
curred  on  the  plate,  the  fuel  is  considered 
to  have  passed  the  test. 

Sulfur 

In  light  petroleum  products  (gasoline, 
kerosene,  diesel  fuel),  sulfur  is  determined 
in  accordance  with  GOST  1771-^8  by  burning  a 
weighed  specimen  of  the  test  fuel  in  a  lamp 
(Pig.  l8).  The  sulfur  trioxide  formed  during 
combustion  is  trapped  and  the  quantity  deter¬ 
mined  volume trically.  Prom  1.5  to  5  ml  of 
fuel  is  required  for  the  experiment,  depend¬ 
ing  on  the  sulfur  content  in  it. 

A  divergence  no  greater  chan  5^  of  the 
smaller  result  is  tolerated  between  two  par¬ 
allel  determinations. 

The  sulfur  content  in  aviation  and  auto¬ 
mobile  gasolines  and  that  in  jet  and  diesel 
fuels  is  strictly  limited  by  the  corresponding 
GOST  standards.  This  is  the  result  of  the  fol¬ 
lowing  causes:  l)  sulfur  and  sulitir  compounds 


have  a  corrosive  effect  on  the  engine  and  contribute  to  formation  of 
deposits;  2)  a  high  sulfur  content  lov'iers  the  antiknock  properties  of 
the  gasoline  -  octane  number  and  grade;  3)  certain  sulfur  compounds 
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sharply  reduce  the  sensitivity  of  the  gasoline 
to  tetraethyl  lead. 


Fig.  l8.  Apparatus 
for  determining  sul¬ 
fur  by  lamp  method. 

1)  Adsorber:  2)  spat¬ 
ter  trap;  3)  lamp 
chimney:  4)  lamp;  5) 
wick.  A)  To  pump. 


Mercaptan  sulfur 

The  mercaptan-sulfur  content'  in  a  fuel  is 
determined  in  accordance  with  GOST  6975-57* 

The  essentials  of  the  method  consist  in  ti¬ 
trating  the  fuel  to  be  tested  with  an  ammonia 
solution  of  copper  sulfate.  The  mercaptans  of 
the  fuel  react  with  the  ammonia  solution  of 
copper  sulfate  to  form  copper  mercaptldes. 

The  disagreement  between  two  parallel  deter¬ 
minations  may  not  exceed  0.0005^  on  the  a- 
mount  of  fuel.  Mercaptan  sulfur  causes  severe 
corrosion  of  metals,  so  that  a  content  no 
greater  than  0.  OIJ^  is  permitted  in  T-2  and 
TS-1  fuels. 

Hydrogen  Sulfide 

Freedom  of  diesel  and  jet  fuels  from 


hydrogen  sulfide  is  checked  by  the  following  method.  10  ml  of  a  2^ 
solution  of  caustic  soda  are  added  to  10  ml  of  the  fuel  in  a  separ¬ 
ating  funnel,  thoroughly  shaken,  and,  after  standing,  3  to  5  ml  of  the 
extract  are  placed  in  a  test  tube,  acidified  with  0.4  to  0.6  ml  of 
concentrated  hydrochloric  acid  and  heated  with  slmklng  to  70  —  80®. 

In  the  presence  of  hydrogen  sulfide,  lead  indicator  paper  touched  to 
the  rim  of  the  test  tube  changes  color  from  light  brown  to  dark  brown. 

Biedel  fuel  with  a  hydrogen  sulfide  content  is  not  suitable  for 
use  because  of  its  hlgli  coi'rosion  properties  and  Its  strong  tendency 
to  foim:  varnish  deposits  and  carbon. 
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Organic  Aoldlty 


The  acidity  of  fuel  is  determined  in  accordance  vjith  GOST  6041-51; 
the  organic  acids  are  extracted  from  the  fuel  with  boiling  ethanol 
and  titrated  with  a  solution  of  potassium  hydroxide.  The  acidity  is  ex¬ 
pressed  in  terms  of  mg  of  KOH  required  to  neutralize  100  ml  of  fuel. 

The  acidity  of  the  fuel  serves  as  a  basis  for  inferences  as  to  its 
content  of  acidic  compounds.  Such  compounds  include  naphthenic  acids, 
phenols,  asphaltogenic  acids,  and  the  like.  The  naphthenic  acids,  par¬ 
ticularly  the  low-molecular-weight  members  are  capable  of  causing  cor¬ 
rosion  of  tanks  and  the  parts  of  the  engine 's  fuel-supply  system.  Most 
severely  attacked  by  naphthenic  acids  are  lead,  copper,  tin,  steel  and 
iron;  naphthenic  acids  do  not  attack  aluminum.  Soaps  form  i/hen  naph¬ 
thenic  acids  react  with  metals;  usually,  these  soaps  are  insoluble 
in  the  fuel  and  remain  suspended  in  it,  although  they  loay  settle  out 
in  the  form  of  a  precipitate. 

The  presence  of  soaps  in  the  fuel  represents  an  extremely  serious 
danger,  since  they  may  clog  the  filters  and  nozzles  of  the  fuel  sys¬ 
tem  and  cause  cutoff  of  the  fuel  supply  to  the  engine. 

LOW-TEMPERA'"URE  PROPERTIES 

The  low-temperature  properties  of  a  fuel  are  judged  from  its  cloud 
point,  initial  crystallization  temperature,  and  pour  point. 

The  cloud  point  and  initial  ci^stalllsation  temperature  deter* 
miiied  in  accordance  with  GOST  5066-56. 

The  cloud  point  of  a  motor  fuel  is  the  temperature  at  which  the 
fuel  begins  to  show  turbidity  as  a  result  of  sepax'ation  of  microscopic 
water  droplets  or  ice  or  hydrocarbon  miei’ocrysta.Is. 

The  initial  crystallization  temperature  of  a  motor  fuel  is  the 
maximum  temperature  at  which  ice  or  benzene  crystals  can  be  detected 
in  the  fuel  with  the  unaided  eye.  The  essentials  of  cloud-point  and 


crystalll?!ation-polnt  determination  consist  in 
the  following  (Fig.  19). 

A  standard  glass  test  tube  with  an  agita¬ 
tor  is  placed  in  another  test  tube  which  serves 
as  an  air  bath,,  and  the  entire  arrangement  is 
placed  in  an  insulated  cylindrical  vessel  with 
a  coolant  mixture  (alcohol  and  dry  ice).  The 
fuel  poured  into  the  test  tube  equipped  with 
the  agitator  is  cooled  and  observed  either  for 
clouding  or  for  the  appearance  of  crystals, 
depending  on  which  property  is  to  be  deter¬ 
mined. 

The  pour  point  is  determined  jn  accordance 
with  GOST  1533-^2.  A  standard  test-tube  with 
the  fuel  is  placed  vertically  in  the  coolant 
mixture,  held  there  for  5  minutes,  and  then  tilted  at  a  45®  angle  and 
left  in  this  position  for  1  more  minute  at  the  same  temperature. 

The  pour  point  of  the  fuel  is  the  temperature  at  which  the  fuel 
becomes  so  thick  under  the  experimental  conditions  that  the  level  re¬ 
mains  stationary  for  1  minute  when  the  test  tube  is  inclined  at  a  45® 
angle. 

For  gasolines  and  let  fuels,  the  cloud  and  initial -crystalliza¬ 
tion  temperatures  are  checked;  for  diesel  fuels,  the  cloud  point  and 
pour  point  are  checked. 

COmOL  INDICES 
Density 

Density  is  custonffi^rily  denoted  by  the  symbol  pj®.  The  super¬ 
script  Indicates  the  temperature  of  the  product,  and  the  subscript 
the  temperature  of  the  water.  Density  jiiay  be  measured  with  an  aero- 


Fig.  19.  Apparatus 
for  determining 
freezing  point  and 
cloud  point  of  ga¬ 
soline.  1)  Agita¬ 
tor;  2)  gasoline 
to  be  tested;  3) 
dry  ice  in  alcohol; 
4)  air. 


meter  (petroleum  densimeter),  a  Westphal  balance  or  a  pycnometer. 

In  some  countries,  a  Baume  (Be)  or  API-scale  aerometer  is  used 
to  determine  density.  f 

The  following  formulas  are  used  for  the  conversion: 


^d  _ _ _ _ 

140 

”  130+*B4  • 

•  The  densities  expressed  in  Baume  or  API  degrees  are  extremely 
close  together. 

Density  increases  as  the  temperature  drops  and  diminishes  as  it 
rises.  Consequently,  in  order  to  obtain  comparable  figures  it  is  cus¬ 
tomary  to  reduce  the  temperature  to  20®,  regardless  of  the  tempera¬ 
ture  at  which  it  was  measured.  Correction  factors  are  available  for 
this  purpose. 

Density  is  computed  according  to  the  formula 

+Y(i— 2C0, 

where  is  the  density  of  the  product  at  20®,  is  the  density  of 
the  product  measured  at  the  temperature  in  question,  y  is  a  density 
correction  and  t  is  the  temperature  of  the  product  at  the  time  of  the 
density  determination. 

Iodine  Number  '  ‘ 

The  iodine  number  is  the  quantity  of  iodine  in  grams  that  com¬ 
bines  with  100  g  of  fuel.  The  iodine  number  indicates  the  relative 
content  of  unsaturated  compounds  in  the  fuel. 

Determination  of  n-hydroxydiphenylamlne 

The  content  of  the  antioxidant  n4iydroxydiphenylamine  in  aviation 
gasolines  Is  determined  by  the  method  of  GOST  7^23-55,  which  was  deve¬ 
loped  by  X.V.  Eoahkov.  The  essence  of  the  method  consists  in  extracting 
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the  n-hydroxydlphenylamlne  from  the  fuel  with  a  solution  of  hydroch¬ 
loric  acid  and  then  determining  its  content  in  the  extract  hy  addition 
of  hydrogen  peroxide.  The  divergence  tolerated  between  parallel  deter¬ 
minations  may  not  exceed- +10$^  of  the  arithmetic  mean  of  the  results 
being  compared. 

Ash  Content 

The  ash  content  of  a  fuel  is  determined  by  the  method  of  GOST 
1461-52.  25  g  of  fuel  is  evaporated  in  a  crucible.  The  residue  is 
heated  to  a  dark  red  glow  until  it  is  fully  converted  to  ash.  The  ash 
thus  obtained  is  expressed  as  a  percentage  of  the  weighed  sample  of 
fuel  taken. 

The  discrepancy  between  two  parallel  ash-content  determinations 
on  the  fuel  to  be  tested  may  not  exceed  the  following  values. 


Ash  Content,  % 


Permissible 
Divergence,  JS 


Below  0.005  0.002 

From  0.005  to  0.01  0.003 

From  0.01  to  0,1  0.005 

Above  0. 1  ,0. 01 


Mechanical  Impurities 

Mechanical  impurities  in  fuel  are  determined  by  the  gravimetric 


method  of  GOST  6370-52. 


100  g  of  fuel  are  filteiced  through  an  ash-free  filter,  which  traps 
the  mechanical  impurities j  then  the  filter  is  dried  amd  weighed.  The 
mechanical  impurities  obtained  are  expressed  as  a  percentage  of  the 
weighed  fuel  specimen  taken.  A  fuel  containing  less  than  0,005^  of 
mechanical  impurities  is  regarded  as  free  of  them. 

The  following  discrepancies  are  tolerated  between  parallel  deter¬ 
minations. 
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Meehan  icai  -j^rapur  i  ty 
content,  % 

Below  0.01 

0.01  -  0.1 
>0.1 


Permissible 
Disagreement,  % 

0.005 

0.01 

0.02 


Meohanioal  impurities  in  fuels  are  normally  detrimental  to  Jet 
engines  and  high-speed  diesels,  since  the  fuel  pumps  and  nozzles  of 
these  engines  are  fabricated  to  high  precision  specifications  and  are 
very  sensitive  even  to  extremely  fine  Impurity  particles. 

While  mechanical  impurities  settle  to  the  bottom  of  the  tank 
quite  rapidly  by  gravity  when  present  in  a  gasoline,  the  same  parti¬ 
cles  will  remain  much  longer  in  the  suspended  state  in  the  case  of 
diesel  and  Jet  fuels.  Foreign  impurities  in  a  fuel  may  be  the  cause 
of  rapid  and  severe  wear  of  the  fuel -supply  apparatus  and  even  put 
it  out  of  commission. 

Determination  of  Water  Content 

The  hygroscopic -water  content  in  aviation  and  other  motor  fuels 

is  determined  by  the  method  of  GOST  8287-57.  The  method  is  based  on 

the  reaction  of  calcium  hydride  with  the  water  present  in  the  fuel 

and  measurement  of  the  volume  of  hydrogen  liberated  in  this  reaction. 

* 

A  diagram  of  the  apparatus  is  shown  in  Fig.  20*  The  water  content  in 
the  fuel  tc  be  tested  is  ccmiputed  in  percent  by  weight. 

Water-Soluble  Acids  and  Alkalis 

Fuels  must  be  fi^e  of  alkalis  and  mineral  acids,  since  they  cause 
severe  corrosion  of  metals.  The  presence  of  these  substances  is  estab- 
lished  by  the  reaction  of  a  water  extract. 
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Fig.  20.  Apparatus  for  qu¬ 
antitative  determination  of 
water  content  in  motor  fuels. 
1)  Conical  flask;  2)  stop¬ 
cock  stopper;  3)  Drechsel 
bottle;  4)  gas  burette;  5) 
stopcock  connecting  burette 
with  Drechsel  bottle;  6) 
stopcock  connecting  burette 
with  atmosphere;  7)  level¬ 
ing  bcttle;  8)  horseshoe 
magnet;  9)  electric  motor. 
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48 

TOn 

=  top  =  topllvo  =  fuel 

48 

aT 

«  at  =  atroosfernyy  =  atmospheric 

51 

»  ud  =  udel'nyy  =  specific 

51 

B  = 

V  =  voda  =  water 

Chapter  4 


EVALUATION  OF  KNOCK-RATING  STABILITY  AND  IGNITION 

QUALITY  OF  FUELS 


GENERAL  DATA 

Among  the  Indicators  characterizing  the  motor  properties  of 
gasolines  and  tractor  kerosenes,  the  knock-rating  stability  (anti¬ 
knock  properties)  is  one  of  the  most  importaint.  It  is  for  this  reason 
that  the  technical  specifications  for  these  types  of  fuels  impose  ri¬ 
gorous  controls  on  the  antiknock  values. 

Researchers  first  encountered  knocking  in  engines  in  1919» 

The  first  methods  employed  to  determine  the  antiknock  properties 
of  fuels  (192O-I927)  were  based  on  the  utilisation  of  specially  equip¬ 
ped  engines.  The  magnitude  of  the  antiknock  value  was  expressed  in  the 
unit  of  the  critical  compression  ratio  (the  highest  effective  compres¬ 
sion  ratio,  NPSS)  or  in  the  units  of  fuel  equivalents  —  aniline,  ben¬ 
zene,  or  toluene. 

* 

All  of  these  methods  fail  to  provide  good  reproducibility  of  re¬ 
sults  and  those  obtained  were  in  poor  agreement  with  the  char¬ 
acteristics  of  these  engines  under  operating  conditions.  It  was  for 
this  roason  that  these  methods  were  employed  on  a  restricted  basis 
only. 

The  generally  recognized  indicator  of  the  antiknock  property  of 
a  fuel  Is  the  octane  number.  This  Indicator  was  adopted  in  1927  when 
two  individual  hydrocarbons  -  isooctane  (2,2,  4  trlmethylpentane , 
Cgll^g)  and  n-heptane  (n-C-^Kig)  exhibiting  markedly  different  antl- 
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TABLE 


Knock-rating  Stability  of  Individual  Hydro¬ 
carbons  Expressed  in  Various  Units 


1  VraeBOAopoA 

.  I 

.^pnTa<iceK4a 

CTcnenb 

ewaTBR 

^BOJIEnO. 
BUfi  3KBB* 
BaaeBT 

OxTaBOBoe 

BRCBO 

(uoTopnufl 

ueTQA) 

Gmisoa . 

15.0 

+10 

>100 

llaooKTaR . 

7,7 

+  16 

100 

UsoneutaB  .... 

5,7 

+  9 

90 

MeTtLiqiiKAoncHTau 

4,6 

+  4 

82 

N>neuTaR  .  .  .  .  ^ 

3.8 

+  1 

64 

M-rexcaa  . 

•  3.3 

—  6 

59 

M-renTaa  . 

U 

•  —14 

0 

I)  Hydrocarbon;  2)  critical  comoresslon 
ratio;  3)  aniline  equivalent;  4)  octane 
number  (motor  method);  5)  benzene;  6) 
isooctane;  7)  Isopentane;  8)  methylcy- 
clopentane;  9)  n-pentane;  10)  n-hexane; 

II)  n-heptane 


knock  properties  —  were  proposed  as  standard  fuels  for  the  evaluation 
of  the  antiknock  properties  of  fuels.  Isooctsuie  has  a  high  antiknock 
value,  whereas  n-heptane  has  an  extremely  low  antiknock  value.  For 
example,  on  an  experimental  engine  with  a  variable  compression  ratio, 
when  operating  on  Isooctane,  engine  knocking  appears  with 
a  compression  ratio  of  7*7,  whereas  with  n-heptane  the  knocking  begins 
with  a  compi'ession  ratio  of  2.3. 

The  antiknock  property  in  the  case  of  isooctane  Itas  been  set  at 
100  units,  by  convention,  and  this  property  for  the  case  of  n-heptane 
has  been  set  at  zero.  By  preparing  a  mixture  of  isooctane  with  n-hep- 
tane  (in  by  volume),  it  becomes  possible  to  prepare  standards  ex¬ 
hibiting  antiknock  values  ranging  from  zero  to  100  units.  The  isooctane 
percentage  in  the  mixture  with  n-heptane  is  I’ef erred  to  as  tiie  octane 
number.  Essentially,  the  determination  of  the  octatie  nujrbers  involves 
the  testing  of  a  gasoline  with  aiit  unknown  antiknock  value  and  stan¬ 
dards,  i.e.,  mixtures  of  isooctane  with  n-heptane.  In  a  special  single - 
cylinder  esigine;  by  the  continuous  switching  of  the  engine  to  operate 
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on  the  specimen  being  tested  and  the  standard.  It  becomes  possible 
to  select  such  a  standard  mixture  as  exhibits  an  antiknock  value 
that  Is  Identical  to  the  gasoline  specimen  being  tested.  Consequently, 
the  octane  number  of  gasoline  characterizes  Its  antiknock  value  and 
Is  numerically  equal  to  the  percentage  content  of  Isooctane  In  this 
standard  mixture  (with  n-heptane),  which  under  standard  test  condi¬ 
tions  on  the  special  engine  exhibits  an  antiknock  value  that  Is  the 
same  as  that  of  the  gasoline  being  tested.  For  example,  the  gasoline 
being  tested  has  an  antiknock  value  like  that  of  a  mixture  of  90^ 
Isoocteine  +  10^  n-heptane  j  this  means  that  the  gasoline  has  an  octane 
number  of  90* 

Table  2  presents  data  on  the  antiktiock  values  of  Individual  hy¬ 
drocarbons. 

There  are  a  number  of  methods  for  the  determination  of  fuel  oc¬ 
tane  nuiTibers.  Because  of  the  differences  existing  In  the  testing  con¬ 
ditions,  Uie  obtained  octane-number  values  for  various  fuels  may  ex¬ 
hibit  substantial  divergence.  For  example,  gasoline  may  have  an  octane 
number  of  70  according  to  one  method,  whereas  Its  octane  number  may 
be  78  with  another  method,  etc. 

For  this  i^ason  it  Is  extremely  important.  In  addition  to  the  oc¬ 
tane  number,  co  know  the  n»thod  which  was  employed  to  determine  this 
octane  number.  Of  all  the  methods  used  to  detei’miiie  the  octane  nun^ers 
of  fuels,  the  following  are  the  most  commonly  used:  the  motor  method, 
the  i^search  method,  and  the  temperature  methods  [aviation  (lean  mlx- 
tui*e)  QXid  supercharge  (rich  mixture)]  (Tuble  3), 

The  motor  method  of  determining  octane  numbers  was  developed  in 
193-  in  connection  with  the  fact  that  results  from  the  determination 
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of  ociar.e  nurfoers  the  research  method  that  was  In  use  at  that  time 
were  not  in  sufficient  agreement  with  the  behavior  of  fuels  in  auto¬ 
motive  engines.  Moreover,  because  of  the  imperfections  of  the  equiP" 
ment  being  used  to  measure  antilcnock  properties,  the  results  exhibited 
poor  oapaolty  for  reproduction  in  parallel  determinations  (the  devia¬ 
tions  between  the  parallel  determinations  frequently  attained  8-10 
octaine  units). 

On  the  basis  of  results  obtained  in  a  wide  range  of  investiga¬ 
tions,  a  number  of  improvements  were  introduced  into  the  research- 
method  installation;  the  design  of  the  equipment  employed  for  the 
measurement  of  the  antiknock  value  was  improved,  the  carburetor  was 
replaced,  aiid  the  conditions  under  which  the  tests  were  being  carried 
out  were  also  altei’ed,  l.e,,  the  rpro  of  the  engine  was  increased  to 
900  rpm  (instead  of  6OO  rp:.0;  another  innovation  was  the  introduction 
of  the  procedure  to  heac  the  working  mixture  to  150®,  and  -co  heat  the 
crankcase  t)il  to  55 Numerous  tests  of  various  gasolines  accord¬ 
ing  to  the  ip.otor  nsethod  showed  tliat  this  method  provides  the  best  re¬ 
producibility  of  results  in  parallel  determinations  and  from  various 
installations,  atid  these  results  exiiibit  the  best  agi'eement  with  the 
behavior  ..f  fuels  In  actual  automotive  engines. 

The  motor  method  is  the  moat  commonly  used  method  of  evaluating 
antiknock  properties  and  is  widely  used  at  the  present  time  for  the 
determination  of  the  octane  numbers  of  gasolines  ai^d  kerosenes. 

The  research  method  of  detertainlng  octane  numbers  for  automotive 
gasolines  was  adopted  in  i939»  need  for  this  method  came  about  as 
a  result  of  the  fact  that  the  motor  method  was  not  always  able  to  pro¬ 
vide  a  reliable  evaluation  of  the  antiknock  property  of  autosu>tive 
gasolines  whose  composition  was  subject  to  substantial  cljange. 

Ills  new  method  was  based  on  the  old  research  method  that  had  been 
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in  use  prior  to  193^>  tut  certain  changes  were  introduced;  the  same 
equipment  as  was  used  in  the  motor  method  was  employed  here  to  mea¬ 
sure  the  antiknock  value;  a  permnent  ignition -lag  angle  was  estab¬ 
lished  (13®  before  top  (dead)  center)  for  all  compression  ratios; 
in  addition,  a  suction  valve  with  a  special  screen  to  mix  the  working 
mixture  was  Installed  (this  device  was  the  same  as  that  employed  in 
the  motor-method  engine);  and  finally,  the  intake  air  was  heated  to 
52®.  The  remaining  conditions  correspond  to  th.-*,  old  research  method 
of  detei’minlng  octane  numbers. 

Laboratoi'y  and  particularly  extensive  road  tests,  carried  out  in 
1946,  19^9*  1951#  and  195^#  have  demonstrated  that  the  research  method 
of  determining  the  octane  numbers  Is  better  than  the  motor  method  in 
characterizing  the  antiknock  property  of  automotive  gasolines  for  ac¬ 
tual  operating  conditions  such  as  city  driving  (frequent  stops  and,  as 
a  rule,  reduced  power  with  less  thermal  stress  on  the  engine). 

Country  driving,  i^rtlcularly  on  long  trips,  nakes  possible  en¬ 
gine  operation  Uiat  is  characterised  by  a  constant  operating  regime 
and,  consequently,  by  great  thermal  stress.  For  these  conditions,  a 
more  valid  evaluation  of  antiknock  properties  is  offered  by  the  motor 
method. 

“The  results  obtained  in  an  evaluation  of  antiknock  values  accord¬ 
ing  to  the  research  method  ai’e  in  better  agreement  with  the  road  rat¬ 
ings  (the  road  method  of  detersdning  octane  numbers  for  fuels  In  auto- 

* 

motive  engines). 

As  of  19^B,  the  research  method  (1939)  it  in  wide  use  abroad, 
together  with  the  motor  method,  for  the  detercstnatlon  of  the  octane 
numbers  of  automotive  gasolines. 

The.,  fcea^perature  method  of  determining  the  antiknock  \^lues  for 
aviation  gasolines  was  developed  In  1942  in  connection  with  the  er- 
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panding  production  of  hign-octane  aviation  gasolines  and  components. 

The  motor  and  research  methods  for  the  determination  of  octane 
numbers  make  it  possible  to  carry  out  a  sufficiently  accurate  evalua¬ 
tion  of  fuels  having  octane  numbers  below  95  units.  Fuels  with  higher 
antiknock  values  are  difficult  to  evaluate  with  the  above-mentioned 
methods  because  of  the  unreliable  operation  of  the  apparatus  employed 
to  measure  the  knocking  (the  electromechanical  sensing  elem.ent)  (sen¬ 
sor)  for  knocking),  in  the  case  of  high  compression  ratios,  and  con¬ 
sequently,  in  the  case  of  high  pressures  in  the  combustion  chamber. 

However,  the  need  for  such  an  evaluation  existed  with  respect 
to  aviation  gasolines  (IOO/I3O,  115/145)  and  particularly  with  respect 
to  the  numerous  high-octane  components. 

All  of  this  made  it  <*.1  absolute  must  that  a  new  method  be  deve¬ 
loped  for  the  evaluation  of  the  antikni.ck  properties  of  fuels,  and 
this  method  was  designated  as  the  temperature  method  which  is  intend¬ 
ed  for  high-octane  aviation  gasolines. 

The  test  Installation  for  this  method  is  basically  the  same  sin¬ 
gle-cylinder  installation  as  was  used  in  the  motor  method,  but  certain 
structural  changes  have  been  Introduced. 

To  match  the  fuel-testing  conditions  of  this  method  to  operating 
conditions  of  aviation  engines,  a  more  rigid  operating  regime  than  had 
been  employed  with  the  motor  method  was  established  fo.’  the  single - 
cylinder  engine;  the  temperature  of  the  cooling  liquid  (coolant)  is 
190°  and  the  oil  temperature  is  75° J  a  constant  35®  crank -angle  lag 
before  top  (dead)  center  was  established  for  all  compression  ratios, 
etc.,  and  the  rprn  of  the  engine  was  increased  to  1200  rpm). 

The  basic  difference  between  the  temperature  method  and  the  motor 
and  research  methods  can  be  found  in  the  manner  in  which  knocking  is 
measured,  the  latter  based  on  the  measurement  of  the  average  tempera - 
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turea  of. the  combustion-chamber  walls  by  means  of  thermocouples  and  a 
potentiometer  in  the  case  of  detonating  combustion  of  the  fuel.  (This 
method  was  taken  from  the  U.S.  Army  method  for  the  determination  of 
octane  numbers. ) 

This  method  provided  for  the  reliable  determination  of  antiknock 
properties  of  aviation  gasolines  with  octane  numbers  ranging  from  90 

to  115. 

In  recent  years,  with  conversion  to  turbojet  and  turboprop  en¬ 
gines  and  in  view  of  the  significant  reduction  in  the  role  of  aviation 
gasolines,  the  use  of  the  temperature  method  has  been  greatly  res¬ 
tricted.  This  method  is  used  only  at  petroleum  refineries  producing 
high-octane  aviation  gasolines. 

Fuel  Sensitivity 

Investigations  and  tests  have  demonstrated  that  automotive  gaso¬ 
lines  exhibit  various  antiknock  values,  depending  on  the  composite 
chemical  composition  at  various  engine -operating  regimes.  This  beha¬ 
vior  of  automotive  gasolines  is  associated  with  their  various  sensi¬ 
tivities  to  engine -operating  regimes. 

An  explicit  example  of  this  property  on  the  part  of  automotive 
gasolines  is  the  difference  between  the  octane  numbers  determined  by 
the  motor  and  research  methods,  said  difference  attributable  to  the 
differences  between  the  test  regimes  (Table  3). 

In  this  connection,  for  a  more  complete  characteristic  of  the 
operational  properties  of  automotive  gasolines  an  additional  indica¬ 
tor  of  antiknock  value  has  been  introduced, and  this  Indicator  is  re¬ 
ferred  to  as  fuel  "sensitivity. " 

The  sensitivity  of  automotive  gasolines  is  expressed  by  the  dif¬ 
ference  in  octane  numbers  determined  on  the  basis  of  the  research  ai.cl 
motor  methods. 
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TABLE  3 

Methods  for  the  Determination  of  Antiknock  Properties  of  Fuels 


■,  OcnonnMo  napaMOTpui  xnpaKTopu* 
ayiou^no  ycAonnn  npoBOAOiiiifl 
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1 
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1 Q  *50.0 
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45*  AO  B.  M.  T. 

35*  AO  3.  M.  T, 
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npR  OTcnciin  cwa- 

AAR  BCOX  CTOnOBOU 

5,0. 

owataa 

TUB  7,0 

OKaTBR 
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nocTonimuri 

nocTOHanuft 
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34  TopMonapa 
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AOTOnaAnn  . 

AOTOUaABK 

op 

'  HsMeHeaBOM  CTonesa  c«aTBa 

AOTOnOUOTpOM 

31  HaMononnoM 

^?aMonoimoM  cto- 

EAnnniiu  ouoBKn  AOTOHamiouBOii 
CTOtiKOCTn . ■ .  .  . 

23  OKTABOBOe  BBCAO 
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32CopTiiocTb  itAi:  ■ 

,  HCim  CHtaTMR 

OKTaiioDoo  nncAO 

^5Co0TB0TCTBno  pOByAWaTOB  OUeHKB 

l^OAnUM  CMCCRM 

B«abum  cmooau 

BUAOKCODOe  BlICAO 

33 

nan  ycnoBuaH 
copraocTb 

cocrasy  pa6o'ieii  cmcch  ..... 

BoraniM  cmcchm 

Boaiimm  cmocrm 

Id 

AnaHQTp  BnnniiApa  AnnraTeaji,  mm 

4-A  XOA  nOpOlHR,  MM  . . 

Pa60BnB  o6iieu  nanHUApa.  «  .  .  ,  . 

»  *  ■ 

(a=0,95s-l,05) 

(a=o0,0) 

(aaaO.G-.'-O.OS) 

(a<ai0,85-t<0.05) 

•  85,0 

85,0 

85,0  . 

d5i0 

115.0 
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IIS.O 

•  115,0 

0,652 

0,652 

0,652 

0,652 

l)  Basic  parameters  characterizing  test  conditions;  2)  motor  method, 
GOST  [All-Union  State  Standards]  5II-6I;  3)  research  method,  GOST 
8226-61 ;  4)  aviation  method  with  pressure  feed,  GOST  3338-61;  5) 
temperature  method,  GOST  3337-52;  6)  engine  rom;  7)  coolant  temper¬ 
ature,  ^C;  8)  temperature  of  intake  air  °C;  9)  temperature  of  work¬ 
ing  mixture,  °C;  10)  temperature  of  crankcase  oil,  °C;  11)  crank- 
angle  ignition  lag,  deg;  12)  method  of  measuring  antiknock  value; 

13)  method  for  changing  knocking  intensities;  14 )•  ratings  (units) 
for  evaluation  of  antiknock  values;  15 )  agreement  of  evaluation  re¬ 
sults  to  composition  of  working  mixture:  16)  diameter  of  engine 
cylinder,  mm;  17)  piston  stroke,  mm;  I8)  cylinder  capacity,  in 

liters;  I9)  26*^  before  top  center  at  a  compression  ratio  of  5.O;  20) 
variables;  21)  electromechanical  sensing  element  for  knocking;  22) 
with  change  in  compression  ratio;  23)  octane  number;  24)  lean  mix¬ 
tures;  25)  not  checked;  26)  the  same;  27)  13°  before  top  center  for 
all  compression  ratios;  28)  45°  before  top  center  at  a  compression 
ratio  of  7.'0;  29)  constant;  30)  by  ear  or  by  means  of  a  detonometer; 

31)  by  changing  the  pressure  feed;  32)  grade  or  index  number;  33) 
rich  mixtures;  34)  thermocouple;  35)  by  a  change  in  the  compression 
ratio;  36)  octane  number  or  conventional  grade. 
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To  evaluate  the  sensitivity  of  automotive  gasoline,  we  must  deter¬ 
mine  the  octane  numbers  according  to  both  the  research  and  motor  meth¬ 
ods,  and  then  from  the  octane  number  determined  from  the  research  me¬ 
thod,  to  subtract  the  octane  number  derived  on  the  basis  of  the  motor 
method. 

The  sensitivity  of  hydrocarbons  is  not  identical  and  is  a  function 
of  their  chemical  composition  and  structure  (Table  4). 

The  olefinic  hydrocarbons  are  the  most  sensitive,  the  aromatic  hy¬ 
drocarbons  being  only  slightly  less  sensitive.  Paraffinic  hydrocarbons 
exhibit  very  low  sensitivity.  Naphthenic  hydrocarbons  occupy  an  inter¬ 
mediate  position;  according  to  this  indicator,  the  latter  lie  between 
the  paraffinic  and  aromatic  hydrocarbons. 

Rich-Mixture  Fuel  Grades 

The  antiknock  property  of  fuels  is  determined  on  the  basis  of  the 
motor,  research,  and  temperature  methods  for  a  working -mixture  composi¬ 
tion  corresponding  to  maximum  knock,  i.e.,  for  an  excess-air  ratio  of 
0.85-1.1,  and  this  corresponds  to  lean  mixtures.  Therefore  the  re¬ 
sults  obtained  by  means  of  these  methods  serve  as  the  antiknock  char¬ 
acteristics  of  lean  mixtures. 

Aviation  piston  engines  operate  primarily  in  two  regimes;  at  maxi¬ 
mum  power  for  take-offs,  and  at  cruising  speeds. 

In  the  case  of  take-off  regimes,  the  engines  operate  on  rich  mix¬ 
tures  (a  «  0.7-0. 8);  in  the  cruising -speed  regime  the  engines  operate 
on  lean  mixtures  (a  >  1.0). 

In  thrust -augmented  operation  of  aviation  piston  engines,  cases 
have  frequently  been  observed  in  which  gaBollnee.  with  identical  octane 
numbers  behaved  differently  with  respect  to  one  another  under  the  con¬ 
ditions  of  their  utilization  in  these  engines,  i.e.,  one  gasoline 
would  provide  for  knock-free  engine  operation  in  all  regimes,  wher'-v''. 
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TABLE  4 

Hydrocarbon  Sensitivity  (after  Gerp  [sic]  and 
Smit  [sic]) 
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1)  Hydrocarbons:  2)  octane  number;  3)  research 
method  (rra)  ;  4]  motor  method  (mm) ;  5)  sensi¬ 
tivity  (rm  ~  mm)  ;  6)  paraffinic;  7)  isobu¬ 
tane;  8)  Isopentane;  9)  isohexane;  10)  Isooc¬ 
tane;  11)  n-butane;  12)  n-pentane;  13)  n-hex- 
ane;  l4)  olefinic;  15 )  propylene;  I6)  isobu¬ 
tylene;  17)  oentene-l;  I8)  hexene -1;  19)  na¬ 
phthenic;  20)  methylcyolopentane;  21)  ethyl- 
cyclopentane;  22)  isobutyl cyclopentane;  23) 
methylcyclohexene;  24)  aromatic;  25)  benzene; 
26)  toluene;  27)  ethyl  benzene;  28)  isopropyl¬ 
benzene  (cumene). 
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benzene  (cumene). 

the  other  would  exhibit  knocking  during  the  take-off  regime. 

It  was  subsequently  determined  that  gasolines  exhibit  various 
antiknock,  properties  (depending  on  their  chemical  composition)  not 
only  in  the  case  of  lean  mixtures  but  in  the  case  of  rich  mixtures 
as  well  and  it  was  further  established  that  a  single  octane  number 
is  not  adequate  fully  to  characterize  the  antiknock  properties  of  a 
gasoline. 
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In  connection  with  the  divergent  behavior  of  fuels  in  the  case  of 
lean  and  rich  mixtures  under  pressure -feed  conditions,  a  new  method 
was  developed  in  1942  for  the  evaluation  of  the  antiknock  properties 
of  rich -mixture  aviation  gasolines,  and  this  method  was  designated  as 
the  method  for  the  determination  of  grades  of  rich-mixture  aviation 
gasolines.  Essentially,  the  determination  of  grade  involves  the  com¬ 
parison  of  the  fuel  specimen  being  tested  with  the  reference  fuels 
whose  grades  are  known.  The  determination  is  carried  out  on  a  special 
single  cylinder  engine  operating  under  rigorously  maintained  constant 
conditions.  The  basic  indicator  in  this  comparison  is  the  magnitude  of 
the  maximum  value  of  the  mean  indicator  pressure  p^^^  which  is  developed 
in  the  cylinder  of  an  engine  operating  in  an  initial  detonation  regime. 
For  the  specimen  being  tested  we  select  a  reference  fuel  which  will 
exhibit  the  same  mean  Indicator  pressure  as  the  specimen  for  initial 
detonation. 

As  the  reference  fuels  in  grade  determination  we  use  isooctane  in 
its  pure  form  as  well  as  various  quantities  of  tetraethyllead  (TES  = 
TEL),  added  in  the  form  of  an  ethyl  fluid. 

The  grading  (performance  numbers)  for  the  reference  fuels  was  es¬ 
tablished  experimentally  by  the  testing  of  these  reference  fuels  in 
single -cylinder  installations  which  had  been  equipped  with  the  various 
cylinders  employed  in  mass-produced  aviation  engines.  During  these 
tests  each  reference  fuel  was  made  to  detonate  (knock)  by  increasing 
the  pressure  feed  to  the  engine,  and  here  the  power  which  was  essen¬ 
tially  the  maximum  possible  power  for  each  reference  fuel  was  measured. 
The  power  obtained  in  operations  with  puz^e  reference  Isooctane  was 
adopted  as  lOOJ^j  however,  mixtures  of  isooctane  with  TES  [TEL]  made  it 
possible  to  attain  greater  power  and  with  an  increase  In  the  TES  q-.  .i".- 
tity  the  maximum  possible  power  Increased  as  well. 
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It  was  established  that  pure  isooctane  has  a  grading  (performance 
number)  of  100,  whereas  Isooctane  with  O.76  ml  of  TES/kg  has  a  perfor¬ 
mance  number  of  I30,  etc. 

The  fuel  grade  (performance  number)  Is  an  Indicator  of  the  antl- 
icnook  property  in  the  case  of  a  rich  mixture. 

'The  fuel  grade  (performance  number)  shows  the  extent  to  which  it 
is  possible  to  produce  power  (or  the  mean  indicator  pressure)  in  the 
operation  of  the  special  single -cylinder  engine  on  a  rich  mixture  of 
the  fuel  being  tested  in  comparison  with  the  power  that  can  be  deve¬ 
loped  by  this  same  engine  when  it  operates  on  Isooctane  whose  power, 
when  used  in  this  engine,  has  conventionally  been  set  at  100^  and  100 
grade  units.  For  example,  a  performance  number  of  130  shows  that  this 
fuel,  in  operation  in  this  special  single -cylinder  engine,  provides 
for  an  increment  of  30^  in  power  in  comparison  with  pure  isooctane. 

The  higher  the  grade  of  the  fuel  the  better  its  antiknock  properties 
in  the  case  of  rich  mixtures  under  conditions  of  pressure  feed. 
DETERMINATION  OF  THE  OCTANE  NUMBER  IN  ACCORDANCE  WITH  THE  MOTOR  METHOD 

Octane  numbers  according  to  the  motor  method  are  determined  on  a 
single -cylinder  IT9“2  installation,  following  the  GOST  511-61  (Fig.  21), 
which  consists  of  the  following  basic  units: 

1)  a  single -cylinder  four-stroke  piston  engine,  liquid  cooled, 
with  a  variable  compression  ratio  which  can  range  from  4  to  10  durJ  ‘g 
engine  operation; 

2)  and  asynchronous  electric  motor  developing  5.8  kw,  connected 

to  the  piston  engine  by  means  of  two  wedge -like  belts,  and  intended  for 
the  maintenance  of  a  constant  rpm  (900  +  10  rpm)  during  the  testing 
period; 

3)  a  control  panel  on  which  are  mounted  all  of  the  monitoring¬ 
measuring  instruments  and  equipment  required  to  control  the  engine; 
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4)  equipment  for  measurement  of 
knock,  this  equipment  consisting  of  an 
electromechanical  sensing  element  and 
an  electrical  measuring  instrument  —  a 
detonation  (knock)  indicator j 

5)  a  flask  filled  with  ice  to  main¬ 
tain  at  constant  humidity  the  air  drawn 
into  the  engine  cylinder. 

The  basic  units  of  the  installation, 
with  the  exception  of  the  flask  for  the 
ice,  are  mounted  on  a  massive  cast-iron 
plate. 

This  single -cylinder  piston  engine 


Pig.  21.  General  view  of 
IT9-2  Installation  for  de¬ 
termination  of  octane  num¬ 
bers  of  fuels  by  the  motor 
method,  l)  Single -cylinder 
engine;  2)  control  peuielj 
3)  ice  column;  4)  asynch¬ 
ronous  electric  motor;  5) 
cast-iron  plate;  6)  foun¬ 
dation. 


lias  all  of  the  required  units  and  equip¬ 
ment  which  make  possible  the  combustion 
of  a  fuel  in  its  cylinder,  as  well  as  to 
keep  the  engine  in  operation  for  a  long 
period  of  time.  The  variable  compression 
ratio  provides  for  the  ability  to  produce 


knocking  in  various  fuels  —  from  low-octane  tractor  kerosenes  to  the 
high-octane  aviation  gasolines. 


The  installation  is  equipped  with  special  equipment  making  it 
possible  to  maintain  rigorous  constant  (standard)  conditions  for  the 
tests:  the  rpm,  the  temperature  regime,  the  composition  of  the  x>rorklng 
mixture,  constant  humidity  of  the  air  drawn  in,  standard  knock  intensl- 
i’,  clc.  In  recent  years  the  IT9-?  installation  has  undergone  a  nuiabei* 


cv'  structural  changes  which  serve  to  improve  its  operational  characier*- 
istics.  The  cylinder  clamp  has  been  improved,  and  a  small-scale  :it; 
has  been  installed;  a  special  receiver  has  been  installed  in  "he  / 
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hau&t  system.  The  electrical  circuitry  of  the 


Fig.  22.  Electro¬ 
mechanical  sensing 
element  for  knock¬ 
ing.  l)  Screw  con¬ 
trolling  tension 
of  lower  spring 
plate;  2)  central 
screw  for  control 
of  clearance  bet¬ 
ween  contacts;  3) 
plunger  screw;  4) 
screw  controlling 
tension  of  upper 
spring  plate;  5) 
upper  spring  plate 
with  contact;  6) 
ebonite  rod  tip: 

7)  steel  rod;  8) 
frame  of  detona¬ 
tion  (knock)  sen¬ 
sor;  9)  steel  dia¬ 
phragm;  10)  nut 
used  to  press  a- 
gainst  membrane; 

11)  lower  spring 
plate  with  contact. 


installation  has  been  simplified,  and  improved 
instruments  have  been  Installed,  etc. 

With  the  motor  method,  fuel  octane  num¬ 
bers  are  determined  for  a  specified  knock 
intensity. 

The  equipment  employed  to  measure  fuel 
knock  ratings  consists  of  an  electromechanical 
sensing  element  for  knock  that  is  based  on  the 
principle  of  measuring  local  pressure  Increases 
as  they  occur  in  the  detonation  combustion  of 
the  fuel. 

The  electromechanical  detonation  sensing 
element  (Fig.  22)  consists  of  a  steel  cylin¬ 
drical  frame  in  which  a  steel  rod  is  housed. 
There  is  a  socket  at  the  bottom  part  of  the 
frame,  into  which  a  thin  steel  membrane  has 
been  pressed.  A  crossbeam  is  fastened  to  the 
upper  part  of  the  frame,  and  this  beam  has  two 
spring  plates  with  tungsten  contacts,  as  well 
as  screws  to  control  the  spring-plate  tension 
and  the  clearance  between  the  contacts.  The 
bottom  end  of  the  steel  rod  rests  freely  a- 
gainst  the  membrane,  and  a  spring  plate  with 
a  contact  is  positioned  at  the  top  end  of  the 
rod.  A  rigorously  specified  clearance  (0.10- 
0.13  nun)  is  established  between  the  contacts 
to  which  a  d.c.  voltage  of  110  v  is  applied. 

The  sensing  element  is  screwed  into  the  cylin- 


der  head  so  as  to  position  the  membrane  within  the  combustion  chamber. 

In  the  case  of  detonation  combustion  of  the  fuel,  the  thin  steel 
membrane  under  the  action  of  the  "detonation  shocks"  (increased  local 
pressures)  bends  and  exerts  pressure  against  a  steel  core  which  closes 
the  contacts  of  the  spring  plates.  With  the  closing  of  the  contacts,  a 
current  passes  through  the  circuit  of  the  detonation  sensor  (a  thermo¬ 
element,  resistors,  and  an  indicator),  and  the  thermoelement  and  the 
detonation  (knock)  indicator  are  used  to  measure  the  magnitude  of  this 
current. 

The  scale  readings  of  the  detonation  indicator  are  functions  of 
time  during  which  the  contacts  are  closed,  and  this  in  turn  is  a  func¬ 
tion  of  the  knock  intensity.  The  higher  the  detonation  (knock)  inten¬ 
sity,  the  longer  the  contacts  of  the  sensing  element  are  closed,  and 
the  greater  the  readings  of  the  detonation  (knock)  indicator. 

The  method  used  to  determine  the  octane  numbers  of  fuels  involves 
the  following.  Given  strictly  constant  engine  operating  conditions  and 
specific  (standard)  knock  intensity,  an  equivalent  reference  fuel  is 
selected  for  the  specimen  being  tested.  An  equivalent  '^ference  fuel 
is  one  which,  all  other  conditions  being  equal,  produces  knocking  in 
exactly  the  same  manner  and  under  the  identical  conditions  as  does  the 
specimen  being  tested. 

Isooctane  and  n-heptane  are  reference  fuels,  and  these  are  used 
‘  V  mixtui*os  having  specific  volumetric  ratios. 

The  octane  numbers  of  the  reference -fuel  mixtures  are  known, 
since  the  percentage  of  isooctane  in  these  fuels  is  the  octane  number. 

Because  of  the  great  cost  of  isoootane  and  normal  heptane,  secon- 
cary  reference  fuels  are  uaed  for  operations,  since  these  can  be  cali¬ 
brated  in  advance  according  to  the  Isooctane  in  mixture  with  n-hop 
i.e.,  the  octane  numbers  of  the  reference  fuels  are  established  o* 
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Fig.  23.  Scale  for  conversion  of  se¬ 
condary  reference  fuels  to  primary 
reference  fuels  (to  octane  numbers). 
Secondary  reference  fuel  mlstures  of 
industrial  reference  Isooctane  with 
B-70  gasoline,  l)  Octane  numbers;  2) 
industrial  reference  Isooctane  in 
B-70,  %  by  weight. 


I 


taken  from  a  conversion  scale  by  means  of  which  the  secondai^  refer¬ 
ence-fuel  values  are  converted  to  the  primary  values. 

Mixtures  of  Industrial  reference  Isooctane  (TEI)  with  white  spirit 
or  ^-70  aviation  gasoline  are  used  as  the  secondary  reference  fuels. 

The  conversion  scale  is  prepared  in  the  following  manner,  Tne  mix¬ 
tures  of  the  primary  reference  fuels  are  con^pared  against  the  mixtures 
of  the  secondary  reference  fuels,  l.e.,  each  mixture  of  primary  refer¬ 
ence  fuel  is  matched  by  antiknock  properties  to  a  mixture  of  secondary 
reference  fuels,  and  this  is  accomplished  on  an  engine  operating  under 
standard  conditions  and  knock  intensity. 

A  graph  is  prepai'ed  on  the  basis  of  the  derived  data,  and  this 
graph  is  Ji*eferi'ed  to  as  a  conversion  scale  (Pig.  23).  Subsequently, 
the  secondary  reference  fuels  and  this  conversion  scale  are  employed 
in  the  dally  work  of  determining  fuel  octane  numbers. 

The  motor  method  makes  It  possible  to  determine  octane  numbers 
within  an  extremely  wide  range:  from  sero  to  100  units.  Experience  in 
the  application  of  this  method  demonstrated  that  the  most  exact 
results  are  obtained  In  an  interval  of  6O-90  octane  units. 
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DETERMINATION  OP  OCTANE  NUMBER  ACCORDING  TO  THE  RESEARCH  METHOD 

The  determination  of  octane  numbers  by  the  research  method  is  ac¬ 
complished  on  a  single -cylinder  IT9-6  installation  in  accordance  with 
GOST  8226-61. 

Structurally  the  IT9-6  installation  differs  little  from  the  sin¬ 
gle-cylinder  IT9-2  installation  described  above  and  shown  in  Pig.  1. 

These  installations  are  distinguished  on  the  basis  of  the  condi¬ 
tions  under  which  the  tests  are  carried  out,  and  in  the  case  of  the 
IT9-6  installation  these  tests  are  characterized  by  the  following: 

1)  an  engine  rpm  of  6OO  rpm,  in  connection  with  which  a  flywheel 
of  smaller  diameter  is  installed  on  the  shaft  of  the  asynchronous  el¬ 
ectric  motor. 

2)  the  crank -angle  Ignition  lag  of  13^  before  top  center  is  con¬ 
stant  for  all  compression  ratios;  to  achieve  this  angle,  a  lever  to 
change  the  crank-angle  ignition  lag  is  installed  in  the  magneto  and 
fixed  in  a  definite  position; 

3)  the  fuel -air  mixture  is  not  heated,  and  in  this  connection  the 
intake  system  of  the  engine  does  not  have  any  connecting  pip^s  leading 
to  an  electric  heater;  the  carburetor  is  connected  directly  to  the  in¬ 
take  orifice  of  the  cylinder  by  means  of  a  ring; 

4)  with  a  carburetor  setting  for  maiOmum  knock,  the  fuel  level  in 
the  float  chamber  roust  range  between  0.8  and  2.0  units  on  the  scale; 

to  achieve  this,  large-diameter  (0. 9-1.0)  Jet  tubes  have  been  provided; 

5)  the  control  and  verification  of  valve  clearances  are  carried 
out  at  a  compression  ratio  of  5'9- 

In  everything  else,  the  research  method  of  determining  octane 
numbers  is  exactly  like  the  motor  method. 

Despite  these  insignificant  clfferences  between  the  motor  and  rc- 

•e- 

search  methods,  the  results  obtained  in  the  determination  of  octa 
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numbers  for  various  obtained  by  these  methods,  may  exhibit  sub¬ 

stantial  discrepancies. 

Table  5  shows  octane  numbers  for  various  gasolines,  and  these  num¬ 
bers  have  been  determined  both  according  to  the  research  and  motor 
methods.  The  SJ’eatest  octane-number  difference  Is  found  in  the  case  of 
coking  gasolines,  as  well  as  gasolines  from  catalytic  cracking  and  re¬ 
forming,  i.e.,  these  gasolines  exhibit  the  greatest  sensitivity.  There 
is  a  slightly  smaller  difference  between  the  octane  numbers  for  the 
thermal -cracking  gasolines  (average  in  terms  of  sensitivity).  Direct- 
distillation  gasolines  exhibit  an  insignificant  difference  with  res¬ 
pect  to  octane  numbers  determined  by  these  methods,  and  such  gasolines 
are  regarded  as  insensitive  or  low-sensitivity  fuels. 

TABLE  5 

Octane  Numbers  for  Various  Gasolines  According  to 
the  Research  and  Kotor  Methods 


1  2  OKnaoao*  <Mieao 

1  TooasM 

^ccaeao»a> 

TMbC>U!.a 

ueroA  (hm)  | 

uatopuud 

vtvfoa.  (lui) 

Myecrttitetav- 
nocTk  (uu-uu) 

6  BfttMHti  HfMtaii  MefittOMMU 

7  . 

cao 

m 

16 

.  B  iu.  ii.  t2£)*)  .  . 

Tao 

i.O 

9  K?ae»8K»»«c»!oa  ....... 

TIJD 

TOb 

ttc^ni . 

I  su 

48.6 

23 

610 

@4.0 

{«.>!.  m  . 

“*2,0 

ttt.  «U  tS3*)  .  . 

?S,0 

:s.9 

'  11 

13  . 

61.6 

S64 

14  (tt.  tt.  JSi*) 

Gae 

eu 

24 

...... 

68J6 

sio 

10 

16  (a.  K.  ss*> 

iA,i 

6&0 

-1.6 

17  (a.  a.  |?d*}  .  .  . 

5W)  1 

SU 

-03 

16  £«w«a«u  «KCJMW>Nt<K«ia0  MpiMMMSS 

19  Ha4^eadase  cupM  . 

?7,6 

?1.0 

.  46 

•  1 

1 

03 

?3 

^0  cttpM  ........ 

TOUD 

64,? 

S3 

• 

TiO 

66.4 

S3 

• 

709 

az 

S.7 

-  86 


[TABLE  5  Cont’d] 


21  CtHiUHu  KomtAumuHeeKou  mptKUMta 

22  TuHtcaoro  cupu  pouamiumcxoA 

ue4>n  . . 
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76^ 

7.6 
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93 
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6.6 

25  Beuawi  xoKeouau  . . . 
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1)  Fuel;  2)  octane  number;  3)  research  method  (Imep); 
4}  motor  method  (mm);  5)  sensitivity  (imep  -  mm);  5) 
direct -distillation  gasolines;  7)  Balcj  petroleum;  8) 
Gro2n;>y  peti*oleum  (start  of  boiling,  120°);  9)  Kras- 
nokam^k  petroleum;  10)  Mukhanovo  petroleum;  11)  ^ 

Tuymaso  Devonian  petroleum  (start  of  boiling  at  §5°); 

12)  Zhii.vovsk  petroleum  (start  of  boiling  at  153  ;; 

13)  Il’skiy  petroleum;  l4)  Khadyzhensk  petroleum 
(start  of  boiling  at  l64°);  15)  Central  Asian  petro¬ 
leum;  l5)  Romashkinskly  [sic]  (start  of  boiling  at 
85°);  17)  Perm*  petroleum  (start  of  boiling  at  170°); 
18]  themal -cracking  gasolines;  19)  naphthenic  ci'ude; 
20)  paraffinic  crude;  21)  catalytic, cracking  gaso¬ 
lines;  22)  heavy  crude  of  Romashkinskly  peti'oleum; 

23)  heavy  crude  of  Tuymazy  devonian  petroleum;  24) 
catalytic  reforming  gasoline;  25)  coking  gasoline. 


MIXING  OCTVINE  NUMBER 

In  determining  fuel  octane  numbers  by  the  motor  and  research  me¬ 
thods  it  is  sometimes  impossible  to  test  a  given  product  directly  In 
the  engine  for  the  following  reasons: 

1)  the  product  to  be  tested  is  higher  tiian  the  reference  Isooc¬ 
tane  or  iOflfer  than  th^  n-lieptane  in  terms  of  antiknock  properties; 

2)  the  product  being  tested  does  not  correspond.  In  terms  of 
volatility,  to  the  conditions  of  carburetion  (It  is  somewhat  too  vola 
tile  or  vaporises  poorly); 

3)  there  is  an  inadequate  quantity  of  the  product  for  testing 
purposes. 

In  such  cases  the  antiknock  pi’operiy  is  determined  by  aixlni:  * 
pi*oduct  being  tested  with  the  referc-rjce  gasoline  w-  ose  octane 

-87  - 


Is  eitiier-  Ic'-owi;  or  can  re  'determined. 

The  mixing  octane  number  is  determined  in  the  following  manner. 

A  mixture  of  the  fuel  being  tested  with  the  reference  fuel  (desir¬ 
ably  in  a  1:1  ratio)  is  prepared.  This  mixture  is  then  tested  in  the 
conventional  manner  in  the  installation  in  order  to  determine  the  oc¬ 
tane  number-  On  the  basis  of  the  obtained  results,  the  follovjing  for¬ 
mula  is  employed  to  compute  the  octane  number  of  the  product  being 
tested; 

locx;— j/(ioo-fl) 

*  = - ^ 

where  x  Iz  the  mixing  octane  number;  ^  is  the  octane  number  of  the  re¬ 
ference  fuel  used  for  purposes  of  mixing;  a  is  the  content  of  the  fuel 
being  tested,  in  the  reference  fuel,  in  fo;  C  is  the  octane  number  of 
the  mixture. 

If  the  octane  numbers  of  the  initial  components  are  known,  the 
following  formula  can  be  used  to  determine  the  percentage  relation¬ 
ships  of  these  components  in  the  binary  mixture  and  to  obtain  the 
given  octane  number  of  the  mixture: 

where  a  is  the  content  of  the  first  component  in  the  mixture,  in  fo; 

A  is  the  octane  number  of  the  first  component;  B  is  the  octane  number 
of  the  third  component;  C  is  the  required  (given)  octane  number  of  the 
mixture , 

In  the  practice  of  compounding  gasolines,  the  method  of  calculat¬ 
ing  the  mixing  octane  number  and  the  percentage  content  of  the  compon¬ 
ents  in  the  mixture  is  frequently  employee. 

The  mixing  octane  niunbers,  in  comparison  to  the  actual  octane  num 
bers,  i.e.,  the  numbers  obtained  in  the  direct  determination  of  octane 
numbers  on  the  installation  by  the  motor  method,  showed  the  following: 


1.  Direct -distillation  gasolines  and  paraffinic  hydrocarbons  be¬ 
have  addltlvely  in  the  mixture,  i.e.,  the  mixing  (mixture)  octane  num¬ 
bers  correspond  to  the  octane  numbers  obtained  in  the  determination 

in  the  [test]  installation. 

2.  The  mixing  (mixture)  octane  numbers  for  the  thermal-  and 
catalytic -cracking  gasolines,  and  those  for  the  olefinic  hydrocarbons 
in  mixture  with  direct -distillation  gasolines  come  out  lower  than  the 
octane  numbers  determined  directly  in  the  installation,  i.e.,  the  oc¬ 
tane  numbers  of  the  mixtures  which  contain  these  gasolines  are  actu¬ 
ally  higher  than  when  these  octane  numbers  are  calculated  on  the  basis 
of  the  octane  numbers  of  the  initial  components. 

3.  The  mixing  (mixture)  octane  numbers  for  aromatic  hydrocarbons 
and  components  are  higher  than  in  the  direct  determination  in  the  In¬ 
stallation.  With  an  increase  in  the  content  of  aromatic  hydrocarbons 
in  the  mixture,  the  discrepancy  increases  and  reaches  as  high  as  8-10 
octane  units. 

DETERMINATION  OF  ANTIKNOCK  VALUES  OF  GASOLINES  AND  COMPONENTS  WITH 
OCTANE  NUMBERS  HIGHER  THAN  100. 

Both  the  motor  and  research  methods  of  determining  octane  numbers 
make  it  possible  to  evaluate  fuels  exhibiting  antiknock  values  below 
100  octane  units. 

In  evaluating  fuels  with  octane  numbers  in  excess  of  100,  we  use 
the  method  of  mixing  the  fuels  with  low-octane  reference  gasoline  and 
the  antiknock  property  is,  in  this  case,  expressed  in  mixing  (mixture) 
octane  numbers.  This  complicates  the  process  of  determining  the  octane 
number  and  frequently  distorts  the  true  octane  number  of  the  high- 
octane  fuel  or  component. 

In  actual  practice  there  exist  various  methods  of  determining 


Octane  Numbers  of  Chemically  Pure  Isooctane  with 
Various  TES  [TEL]  Content 
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1)  TES  [tel]  content  in  chemically  pure  isooctane, 
ml/kg;  2)  octane  number. 

tane  numbers  in  excess  of  100  and  these,  in  principle,  can  be  divided 
intO'  two  basic  groups. 

1.  The  methods  based  on  the  utilization  of  reference  fuels  exhi¬ 
biting  antilmock  values  in  excess  of  chemically  pure  isooctane,  i.e., 
in  excess  of  100  octane  units  (ethylated  Isooctane,  ethylated  triptane 
(2,2,3-trlmethylbutane )  and  their  mixtures  with  n-heptane,  etc.) 

2.  The  methods  of  calculating  octane  numbers  according  to  formulas 
based  on  the  extrapolation  of  the  octane -number  scale  above  100  units. 
To  determine  fuel  octane  numbers  above  100  by  the  motor  and  research 
methods,  the  most  common  practice  is  to  use  the  scale  constructed  ac¬ 
cording  to  the  Vise  [sic]  formula  (proposed  by  "The  General  Motors 
Research  Corporation") 


0.  H.  =  100  4- 


y-ioo 

3  ’ 


where  N  is  the  performance  number  of  chemically  pure  isooctane  con¬ 
taining  the  various  quantities  of  TES  [TEL],  in  ml/kg. 


TABLE  7 

Octane  Numbers  of  Fuels,  Higher  than  100 
on  the  Scale  (Data  after  Ye. I.  Zabryanskly 
and  Yu. A.  Robert) 
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I)  Fuel;  2)  octane  niimber;  3)  research 
methodj  4)  motor  method;  5)  sensitivity 
(imep  -  mm);  6)  benzene;  7)  toluene;  8) 

Isopropylbenzene;  9)  BA  aviation  gaso¬ 
line;  10)  Aviation  alkylate  R-9j  ml/kg: 

II)  control  fuel  No.  8  (B-IOO/13O);  12) 
diisobutylene. 

The  calculation  of  the  octane  numbers  of  isooctane  with  a  TES 
[tel]  content  ranging  from  0.05  to  2.3  ml/kg  (Table  6)  was,  carried  out 
in  accordance  with  this  formula. 

The  conditions  for  the  determination  of  octane  numbers  in  excess 
of  100  in  motor-  and  research-method  installations  are  in  complete  ac¬ 
cord  with  the  conditions  for  the  determination  of  octane  numbers  below 
100,  with  the  sole  exception  that  mixtures  of  chemically  pure  isooc¬ 
tane  with  various  TES  [TEL]  contents  are  employed  as  the  reference 
fuels. 

An  equivalent  reference  fuel  -  isooctane  +  TES  [TEL.]  -•  is  select¬ 
ed  for  the  specimen  being  tested,  and  for  the  reference  fuel  a  corres- 
pondlug  cctano-number  valuo  is  found  in  Table  6. 

E:.an:ple.  As  a  result  of  the  determination  it  was  found  that  the 
spoo.lnieu  being  tested  was  equal,  with  respect  to  knock  intensity,  \o 
i.sooctane  with  a  TES  [TEL]  content  of  O.5O  ml/lcg.  The  above-irdle  " .  s 


rrdxtur-e  r.afv  -..n  ocoane  avi.nit;er  of  iiO,0  in  accordance  with  Table  5.  This 
means  that  the  specimen  being  tested  has  an  octane  number  of  110.0. 

The  tests  that  were  carried  out  at  the  VMII  NP  [All-Union  Scien¬ 
tific  Reso3,rch  Institute  for  the  Processing  (Refining)  of  Petroleum 
and  Gas  and  for  the  Production  of  Synthetic  Liquid  Fuel]  as  well  as  by 
other  organizations,  demonstrated  that  the  above -indicated  method  for 
the  determination  of  octane  numbers  above  100  makes  it  possible  to 
determine  vjlth  sufficient  accuracy  the  antiknock  properties  of  iiigh- 
octane  fuels  and  components  by  both  the  motor  and  research  methods 
(Table  ?)• 

DETERMNATION  OP  RICH -MIXTURE  AVIATION -GASOLINE  GRADES 

The  grade  of  an  aviation  gasoline  is  determined  by  means  of  a 
single -cylinder  IT9-1  installation  in  accordance  with  GOST  3338-61 
(Fig.  24). 

During  the  test,  the  engine  of  this  installation  operates  in  a 
forced  regime  (see  Table  3)  and  with  pressure -feed  of  compressed  air 
into  the  engine  cylinder,  which  comes  very  close  to  producing  the  ac¬ 
tual  operating  conditions  of  piston  aviation  engines. 

The  IT9-1  Installation  is  equipped  with  certain  structural  fea¬ 
tures  which  distinguish  it  significantly  from  those  installations  em¬ 
ployed  to  carry  out  tests  in  accordance  with  the  motor  and  research 
methods.  Ol'  these  the  basic  features  are  the  following;  the  single - 
cylinder  engine  is  equipped  with  a  pressure -feed  system,  and  instead 
of  a  carburetor,  for  purposes  of  preparing  the  working  mixture  a  sin¬ 
gle-plunger  pump  and  a  spray  nozzle  have  been  installed.  The  fuel  is 
sprayed  into  the  stream  of  compressed  and  heated  air  in  the  intake 
system  by  means  of  this  spray  nozzle.  The  fuel  flow  rate  is  mea¬ 
sured  by  means  of  scales,  and  the  measurement  of  the  air  flow 
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Fif;.  24.  Over-all  view  of 
IT9-1  installation  for  de¬ 
termination  of  r.lch-raixture 
aviation -sasoline  grades . 

1)  Single -cylinder  engine; 

2)  small  receiver  of  en¬ 
gine  's  system;  3)  dynaino- 
meler  for  measurement  of 
mean  indicator  pr*essure 
(pj^ )•  cont3?ol  panel;  r) 
manometer  for  measurement 
of  feed  pressure;  6)  mano¬ 
meter  for  measurement  of 
air*  flow  rate;  ?)  founda¬ 
tion  (base)  of  installa- 
tioii;  b)  cast-iron  plate. 


rate  is  accomplished  by  means  of  a 
measurement  plate.  The  belt-drive  sin¬ 
gle-cylinder  engine  is  connected  to  an 
electric -motor -genera tor  developing  a 
power  of  25  ^  which  is  balanced  on 
bearings  and  has  a  lever  system  for  the 
measurement  of  the  mean  effective  and 
mean  friction  pressure  (apparatus  for 
the  measurement  of  engine  power).  This 
device  makes  it  possible  to  maintain  a 
constant  rpm  fox’  the  single -cylinder 
engine  througiiout  the  test  and  to  deter 
mine  the  mean  indicator  pressure  (Pj^)* 
Testing  in  accordance  with  this 
method  involves  the  determination  of 
knock  characteristics  for  the  fuels  and 
ref e lienee  fuels  being  tested,  and  these 
are  r*clatlon3hips  between  the  mean  Indi 
cator  pressure  (p^)  and  the  composition 
of  the  mixture  (X)  when  the  engine  op¬ 
erates  in  a  I'egime  of  light  (initial) 
icnocking.  A  l'j.  .;ht  (or  iri^uic*!)  knocking 
i'egiir»o  is  attained  by  varying  the  pxx-s- 


sure  food. 


The  mean  Indicator  pressure  is  measured  by  means  of  a  scale -dyna¬ 
mometer  in  the  following  manner,  k'hon  the  single  -cylinder  engine  is 
'  pui-ating  on  a  particular  fuel,  the  indicator  (ariw)  of  the  - 


r.elcr  I'ldicates  the  mean  effective  preoBui*e.  with  ccssatloi:  o  '  n 


iTieans  of  the  elec- 


foo.;  and  rova'ior,  of  ohe  tfo-vile-cyilnde;?  engine  by 
trie  motor,  the  Indicator  of  the  dynamometer  point 
tion  pressure.  The  sum  of  these  two  mean  pressures 
indicator  pressure,  i.e.. 


s  to  the  mean  fric- 
makes  up  the  mean 


+  Pt, 

where  p,  is  the  mean  indicator  pressure;  p^  is  the  mean  effective  pres- 

i  6 

sure;  is  the  mean  friction  pressure. 

The  composition  of  the  working  mixture  is  determined  hy  the  fol¬ 
lowing  formula; 


where  X  is  the  composition  of  the  working  mixture  (X  is  the  reciprocal 
a);  6^  is  the  fuel  flow  rate,  in  kg/hr;  is  the  air  flow  rate,  in 
l^g/hr. 


The  magnitudes  of  g^  and  g^  are  measured  during  the  test. 
iXuing  the  i^search  and  experimental  work,  the  total  Imocking 
characteristic  of  the  fuel  is  generally  determined  for  a  wide  range  of 
changes  in  tne  composition  of  the  woricing  mixture  (X  0.055  -  0.12  or 
a  su  1,2  -  0.55).  In  this  case,  7-8  points  are  determined  (Pig.  25)- 
To  determine  the  fuel  grade,  4-5  points  are  determined  for  the 
rich -mixture  regione  aloiie  (X  ==  0, 0?  -  0.12). 


Ir.  tiiO  detownination  of  each  point  of  the  Icnoclclng  characteristic 
the  composition  of  the  working  mixUu'e  (X)  is  established  and  the  mean 


Indicator  pressure  (p^)  developed  during  the  combustion  of  this  mixture 


in  the 


{-‘i^ 


igine  cylinder 


in  a  regime  of  light  (or  initial)  knocking 


is 


nieasui*cd. 


Tr.c  results  obtained  in  the  determination  of  the  Icnocking  c.harac- 
teristfes  of  the  fuels  being  tested  are  plotted  on  a  special  graph  of 
standard  curves  taken  from  the  refei'ence  fuels,  and  hero  the  compos! - 
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Fig.  25.  Graph  for  determi¬ 
nation  of  points  of  total 
fuel  knocking  characteris¬ 
tic  on  IT9-1  installation. 
A)  Mean  indicator  pressure; 
b)  knocking  region;  C)  pr¬ 
essure  feed  resulting  in 
knocking;  D|  point  of  light 
lonocking;  E)  pressure  feed 
not  producing  knocking;  F) 
fuel -to -air  ratio;  G)  lean 
mixture;  H)  rich  mixture. 
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Fig.  26.  Grid  for  standard 
detonation  characteristics 
of  reference  fuels.  1  and 
.1  nrc  Vno  detonation  (knock¬ 
ing)  characteristics  of  the 
fuels  being  tested.  A)  Mean 
inuioutor  pressure,  kgf/cnr; 

B)  composition  of  mix- 
tuiH?;  C)  TEI. 


tion  of  the  working  mixture  (A  = 

=  0.55  -  0.13)  is  plotted  along  the 
axis  of  abscissas,  and  the  mean  in¬ 
dicator  pressure  (p^  =6-18  kg- 
fdrce/cm  )  is  plotted  along  the  axis 
of  ordinates. 

The  graph  for  the  standard  knock 
characteristics  of  the  reference  fuels 
is  uniform  for  all  IT9-1  installa¬ 
tions  (Fig.  26);  this  graph  includes 
the  characteristics  for  seven  refer¬ 
ence  fuels  for  which  the  grades  (per¬ 
formance  numbers)  have  been  estab¬ 
lished. 

Industrial  reference  isooctane 
(TEI)  with  a  motor-method  octane  num¬ 
ber  of  98-99  is  employed  as  the  re¬ 
ference  fuel,  as  are  mixtures  of  in¬ 
dustrial  reference  isooctane  with 
tetraethyllead  (TES  [TEL])  in  the 
form  of  an  ethyl  fluid. 

After  the  determination  of  the 
points  with  the  fuel  being  tested, 
and  after  those  points  have  been  plot¬ 
ted  on  the  graph  of  standard  charac¬ 
teristics,  a  determination  is  made 
of  the  reference -fuel  characteristic 
which  corresponds  to  the  fuel  bu’n/. 
tested  in  tenns  of  the  tna.vimum  l  ■ 


TA3Z-1^  6 

Magnitude  of  Fuel  Grade  as  a  Function  of  Reference 
Mean  Indicator  Pressure  (Reference  p. ) 
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1)  p.  (reference),  kg-force/cm  ;  2)  grade  (perfor¬ 
mance  number). 

cator -pres sure  value.  This  reference -fuel  characteristic  is  also  used 
to  carry  out  an  evaluation  of  the  fuel  being  tested. 

H.\air.plc-3  (see  Fig.  26).  1.  The  fuel  being  tested  (curve  2)  in 

p 

terms  of  maximum  mean -indicator  pressure  (p^  =  13*26  kg-force/cm  ) 
corresponds  to  the  reference -fuel  characteristic  for  TEI  +  0.l8  ml/kg 
TES  [tel]  which  has  a  performance  number  (grade)  of  ll6.  Consequently, 
the  fuel  has  a  perfox'iiiance  number  (grade)  of  ll6. 

2.  The  tested  fuel  (curve  1)  corresponds  to  the  reference-fuel 
characteristic  for  TEI  +  1.53  ml/lcg  TES  [TEI.-]  which  has  a  performance 
number  of  153*  Consequently,  the  fuel  has  a  performance  number  of  153. 

The  grade  (performance  number)  of  the  fuel  being  tested  can  be 
determined  on  the  basis  of  the  magnitude  of  the  mean  indicator  pres¬ 
sure  (p^)  obtained  with  this  I'uel,  in  accordance  with  Table  8.  Thei^o- 
fore,  if  t;ie  uested  specimen  of  commercial  fuel  does  not  correspond, 
in  terras  of  maximum  mean  indicator  pressure  (p^),  to  one  of  t.he  char- 
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acteristics  for  the  reference-fuels^  l.e..  It  lies  between  two  adja¬ 
cent  characteristics  (reference  fuels),  the  performance  member  of  the 
given  specimen  can  be  found  from  Table  8  according  to  the  maximum  value 
of  p^. 

Example.  The  maximum  value  of  p^  =  13.5  kg/cm  for  the  tested 
specimen,  which  according  to  Table  8  corresponds  to  a  performance  num¬ 
ber  of  120. 

The  final  results,  obtained  on  the  IT9-1  installation,  in  the  eva¬ 
luation  of  antiknock  properties  of  fuels  can  be  expressed  in  various 
units:  TEI  +  n  ml/kg  TES  [TEL],  performance  numbers,  index  number, 
octane  number j  most  frequently  they  are  expressed  in  performance -num- 
oer  units,  and  sometimes  in  terms  of  index  numbers. 

The  grade  (performance  number)  of  a  fuel  is  referred  to  as  an  in¬ 
dex  of  its  antiknock  property  in  the  case  of  a  rich  mixture  (X  =  0.112) 
which  is  numerically  equal  to  the  performance  number  (grade)  of  a  re¬ 
ference  fuel  which  when  tested  on  a  single -cylinder  engine  under  pres¬ 
sure-feed  conditions  and  a  regime  of  light  knocking  produces  the  iden¬ 
tical  maximum  value  of  the  mean  indicator  pressure  as  the  fuel  being 
tested. 

The  higher  the  grade  (performance  number)  of  the  fuel,  the  better 
the  antilmock  properties  it  exhibits  in  the  case  of  rich  mLxtures  under 
pres sure -feed  conditions. 

Ir.d.cx  furnber 

To  evaluate  the  antiknock  properties  of  lijels  and  particularly  of 
lndiyidua.1  hydrocarbons  having  a  grade  (perfomance  number)  below  100 
or  -Wove  160  units,  certain  conventional ‘units  have  been  adopted  and 
.  ewe  are  referi’ed  to  as  index  numbers  which  charaeloriae  antiknock 
'vp'.rtlos  of  rich-mixture  fuels. 

Index  numbers  determined  on  the  basis  of  the  maximvr  v  T 
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the  ;nean  iriOi  ^  >-  "r-  ;■  :  r'  u  "  table  or  they  are  calculat- 

ea  '.i  accerci  um,.-  v;ith  the  :'ollotvin?j,  einpirical  formula: 


U.M.  =  270- 


29  650 
Pi 


vh'iero  I.  Cli.  is  the  index  number  of  the  fuel  being  teoteci;  is  tho 
r-oar.  inaiuator  prasrn.tre  obtained  in  testing  of  a  specimen  on  an  IT9-1 
incuallation. 


'dithin  a  range  of  IOO-I6O  units,  the  index  numbers  are  insignifi¬ 
cantly  different  from  performance -number  units;  it  can  be  stated  that 
uiiey  ai‘e  virtually  equal  in  this  range  (since  the  difference  amounts 
to  1~2  units). 

EVALliAVIOh  OF  AUTOIGNITION  PROPERTIES  OF  DIESEL  FUELS 

Unlike  piston  carburetor  engines  with  spark  ignition,  in  engines 
in  which  autoignition  is  achieved  as  a  result  of  compression  the  fuel 
is  spra.yea  directly  into  the  combustion  chamber  where  it  ignites  under 
the  acclon  of  high  temperature  and  air  pressure. 

In  high-speed  engines  with  autoignition  as  a  result  of  compression, 
the  time  required  for  the  preparation  and  combustion  of  the  fuel  is 
measured  in  thousands  of  a  second;  therefore  in  order  to  provide  for 
the  normal  operation  of  these  engines,  the  fuel  must  exhibit  certain 
definite  motor  properties. 

One  of  the  basic  indicators  which  characterize  the  motor  proper¬ 
ties  of  diesel  fuels  is  autoignition.  Autolgnitlon  of  vaporized  diesel 
fuels  is  of  great  practical  significance. 

V/hen  a  fuel  is  injected  (sprayed)  into  a  medium  of  hot  compressed 
air  contained  in  the  engine  cylinder,,  we  can  always  observe  a  certain 
time  interval  which  is  measured  from  the  instant  of  fuel  injection  to 
the  start  of  combustion,  and  this  time  Interval  is  referred  to  as  the 
autoigvii  .ion  lag  (the  period  of  ignition  lag).  The  shorter  this  inter- 
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val,  the  better  the  conditions  provided  for  engine  operation. 

The  autoignition  lag  and  autoignition  temperature  are  prinarily 
functions  of  the  chemical  composition  of  the  diesel  fuel;  ttey  are 
of  significance  in  the  starting  of  a  cold  engine  and  exert  consider¬ 
able  influence  on  the  combustion  process. 

The  basic  indicator  which  characterizes  the  autoignition  proper¬ 
ties  of  diesel  fuels  in  an  engine  cylinder  is  the  cetane  number.  The 
evaluation  of  autolgnitlon  properties  of  diesel  fuels,  expressed  in 
cetane  numbers,  gained  widespread  acceptance. 

The  cetane  niunbers  of  diesel  fuels  are  detennined  in  a  special 
single -cylinder  engine  in  which  autoignition  is  accomplished  by  com¬ 
pression,  and  this  engine  is  outfitted  with  the  required  apparatus 
and  equipment  for  the  above -indicated  purposes.  The  principle  behind 
ihe  uetermination  of  the  cetane  number  is  the  same  as  in  the  determi¬ 
ne’-  ion  of  octane  numbers,  i.e. ,  the  apecimen  being  tested  is  compared 
against  reference ‘i'uels  whose  cetane  numbers  are  luiown. 

Cetane  n-hexadecane)  and  a-methylnaphthalene 

arc  used  as  the  prinsiry  reference  itiels.  It  has  conventionally  been 
a^ri*eed  that  easily  ignitible  cetane  has  a  cetane  nutaberof  100,  whereas 
A-;.at:i/lnaphthaiene,  w.hleh  has  poor  ignition  preperties,  has  a  cetane 


number  of  sere. 

By  preparing  a  mixture  of  cetane  with  u-sr,othylnaphthalerse  (in 
fv  vslujjie).  It -is  possible  to  prepare  reference  luels  cetane 

.numbers  rengihi  fress  ^re  to  lOO.  Tine  percentage  Cby  volujge)  of  cetane 
in  n«.iiture  with  cn«!et-hyl.naphthaXene  will  serve  as  the  cetane  nusber  of 
-.hr  fixture  * 

exajtple,  a  ialxture  of  40^  cetane  *  e-jisethylnaphtCnalene  ""r*: 
evtane  nussber  of  40- 

number  of  a  g.lesel  fuel  is  the  percentafe  fh:‘  ■. 


-  .59  - 


content  of  cetane  In  such  a  raixture  with  -methylnaphthalene  which  in 
terms  of  ignition  properties  in  the  cylinder  of  the  special  single - 
cylinder  engine,  under  standard  test  conditions,  is  equal  (corresponds) 
to  the  specimen  being  tested.  The  higher  the  cetane  number  of  the  die¬ 
sel  fuel,  uhe  earlier  will  the  fuel  ignite  in  the  engine  cylinder,  and 
the  increase  in  pressure  during  the  combustion  process  will  be  more 
uniform,  and  the  operation  of  the  engine  will  be  "softer"  and,  con¬ 
versely,  tho  lower  the  cetane  number  of  the  diesel  fuel,  the  later  will 
ignition  take  place,  the  pressure  will  rise  more  sharply  as  a  result  of 
the  instantaneous  combustion  of  Increased  quantities  of  fuel,  and  the 
operation  of  the  engine  will  be  "hard. "  However,  it  should  be  pointed 
out  that  "hard"  engine  operation  with  compression-ignition,  accompanied 
by  knocking,  is  a  function  not  only  of  fuel  quality  but  of  a  series  of 
structural  and  operational  factors  as  well. 

To  a  great  extent  such  important  operational  characteristics  as 
ease  of  cold -engine  start,  smoothness  of  combustion  process,  and  fuel 
flow  rate,  are  functions  of  the  cetane  number  of  the  fuel. 

With  an  increase  in  the  cetane  number,  the  time  required  to  start 
an  engine  diminishes;  for  example,  in  the  case  of  a  fuel  having  a  ce¬ 
tane  number  of  53.0  the  time  required  to  start  the  engine  is  3  seconds, 
whereas  in  the  case  of  a  fuel  having  a  cetane  number  of  38*0  the  time 
required  to  start  the  engine  ranges  from  45  to  50  seconds.  The  higher 
the  rpm  of  the  engine,  the  greater  the  cetane  number  required  for  the 
fuel.  In  the  case  of  engine  operation  on  a  fuel  having  a  cetane  number 
of. 63.0,  depending  on  the  type  of  engine,  the  specific  fuel  consumption 
will  be  187-246  g/hp.hr,  whereas  in  the  case  of  a  fuel  with  a  cetane 
number  of  39.0  the  fuel  consumption  (flow  rate)  will  be  193-254 
g/hp*  hr. 

The  cetane  numbers  are  extremely  convenient  indicators  for  the 
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classifioation  of  coiranerclal  diesel 
’fuels. 


There  are  a  number  of  methods  for 
the  determination  of  diesel-fuel  cetane 
numbers.  Formerly^  the  method  of  the 
critical  compression  ratio  {and  the 
method  of  ignition  lag)  were  employed 
for  this  purpose.  More  recently,  a 
flash -coincidence  method  has  been  de¬ 
vised,  and  this  method  gained  wide¬ 
spread  acceptance. 

The  Flash-Coincidence  Method 


Cetane  numbers  of  diesel  fuels 

■  ..Cj 

are  determined  by  the  flash -coincidence 
deter-  accordance  «lth  QOST  3122-52 


e°LraooorSr?o  ^  slnslo-cyllnder  IT9-3  Installation 

deLe!"!jrs?ng{etoyUnde?^'n-  ^hla  Installation  con- 

Slne;  2)  meotanlsm  for  change  ^  3^  ^3^  following  basic  units, 
of  compression  ratio;  3)  con-  '''*"**^ 

trol  panel;  4)  aspchronous  ^  .  single -cvllnder  four-stroke 

electric  motor;  5)  cast-iron  ^  singit.  cylinder  loui  stroke 

plate;  6)  foundation  (base).  antechamber  type  with 

compression -autoignition  and  a  variable  compression  ratio  (which  is  al- 
toiH2d  by  the  shifting  -of  a  small  piston  in  the  aiitecJiamber) ,  and  which 
’can  ciiange  during  engine  operation  wltiiln  a  I'ange  of  from  7  to  23, 

2.  kn  electric -motor -generator  of  the  asynchronous  type,  develop¬ 
ing  a  power  of  7  lew,  wliich  is  connected  by  means  of  two  v;edge-ltke  belts 
to  the  flywheel  of  the  single -cylinder  engine  and  Is  Intended  to  stop 
this  engine,  decelerate  it,  and  provide  for  a  constant  rpsn  throughout 
the  test. 


3.  k  control  panel  on  which  arc  mounted  all  monitoring-measv*': 


ir.o -:'’^nier.~o  and  eq.uipir.er/:.  zo  control  the  engine. 

4.  The  fuel  equipment  consisting  of  a  single -plunger  pump,  a  clos¬ 
ed-type  pin  spray  nozzle,  tanks,  and  the  fuel  system. 

5.  Equipment  which  controls  the  injection  and  ignition  of  the  fuel, 
said  equipment  oonsisting  of  an  injection  (spray)  indicator  (Fig.  28) 
(crossbeams,,  an  electromechanical  knock  sensing  element),  connected 

to  the  spray  nozzle ,  and  an  electromechanical  Ignition  indicator  that 
is  screwed  into  the  combustion  chamber  (antechamber)  of  the  engine  (Fig. 

29). 


In  addition,  the  flywheel  of  the  engine  has  a  special  device  with 
two  electronic  neon  bulbs  which  are  separated  from  one  another  along 
the  rotation  path  by  13*^;  foiward  along  the  rotation  path  of  the  crank¬ 
shaft  we  find  a  neon  bulb  that  is  connected  by  means  of  an  electric 
lead  to  the  injection  (spray)  indicator,  and  beyond  this  bulb  it  is 
connected  with  the  ignition  indicator.  Above  the  flywheel  a  special 
viewing  tube  with  sighting  crosshairs  is  mounted  on  a  bracket. 

Essentially,  the  determination  of  the  cetane  number  by  this  method 
involves  the  comparison,  in  an  engine  operating  under  rigorously  con¬ 
trolled  conditions,  of  the  fuel  specimen  being  tested  against  the  re¬ 
ference  fuels  whose  cetane  numbers  are  known. 

The  determination  is  carried  out  with  a  compression  ratio  (the 
determinations  are  made  on  the  basis  of  the  flash-coincidence  of  the 
neon  lights  on  the  flywheel)  at  which  fuel  autoignition  in  the  com¬ 
bustion  chaunber  takes  place  at  top  dead  center  with  a  constant  spray 
(injection)  angle  equal  to  13°  before  top  center. 

The  method  used  to  test  the  fuels  is  the  following.  In  spraying, 
the  fuel  into  the  antechamber  of  the  engine  operating  under  constant 
conditions,  the  pin  of  the  spray  nosale  is  raised  by  the  fuel  pressure 
and  this  pin  closes  the  contacts  of  the  spray  (injection)  indicator  as 
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a  result  of  which  the  first  neon  light  on  the  flywheel  lights  up.  If 
the  fuel  spray  (injection)  takes  place  heyond  13^  before  top  center^, 
the  light  will  flash  exactly  opposite  the  crosshair  of  the  viewing 
tube  and  will  continue  to  glow  the  entire  time,  until  the  spray -nozzle 
pin  is  lifted  (the  duration  of  fuel  injection).  In  the  field  of  view 
of  the  operator  looking  through  the  viewing  tube  there  appears  a  long 
strip  of  red  light  which  begins  exactly  beneath  the  crosshair. 

The  clearance  between  the  contacts  of  the  ignition  indicator,  in¬ 
stalled  in  the  antechamber  of  the  engine,  is  so  regulated  as  to  have 
the  contacts  close  at  the  instant  of  fuel  flashing.  At  the  instant  of 
flashing  (ignition)  of  the  fuel,  the  second  neon  light  on  the  flywheel 
goes  on  and  parallel  glowing  red  bands  can  be  seen  in  the  viewing  tube. 
The  second  glowing  band  must  also  begin  exactly  at  the  viewing  cross- 
hairs»  As  a  result,  the  compression  ratio  is  changed. 

If  the  compression  ratio  for  the  fuel  being  tested  is  selected 
properly  and  If  both  of  the  red  bands  of  light  begin  strictly  beneath 
the  viewing  crosshairs  of  the  viewing  tube,  i.e.,  if  they  coincide, 
then  a  reference  fuel  is  selected  so  as  to  provide  for  the  coincidence 
of  the  flashes  (of  the  neon  light  on  the  flywneel)  for  the  compression 
ratio  found  for  the  fuel  specimen  being  tested. 

As  in  all  of  the  previous  methods,  for  the  daily  work  of  determin¬ 
ing  cetane  numbers  we  use  secondary  reference  fuels  (gas  oil  and  green 
oil)  which  are  preliminarily  calibrated  accurdlng  to  primary  reference 
fuels.  The  calibration  results  are  ga\;hered  into  the  form  of  the  graph 
of  the  conversion  scale  shown  in  Pig.  30. 

Diesel-fuel  cetane  numbers  are  functions  primarily  of  the  chemical 
composition  of  the  fuel.  The  highest  cetane  number  (the  best  ignition 
properties)  are  exhibited  by  paraffinic  hydrocarbons.  Aromatic  hydro¬ 
carbons  are  the  poorest  fuels  for  compress  ion -ignition  engines,  clr.c- 


tney  have  the  lowest  cetane  numbers. 
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Pig.  28.  Electromechanical 
injection  (spray)  indicator 
f cross-beam  of  detonation 
(knocking)  sensing  element). 

1)  Shaft  of  spray -nozzle  pin; 

2)  central  screw  for  control 
of  clearance  between  con¬ 
tacts;  3)  bakelite  head  of 
central  plunger;  4)  screw  for 
control  of  the  tension  of  the 
lower  spring  plate;  b)  screw 
for  control  of  the  tension  of 
upper  spring  plate;  6)  upper 
spring  plate  with  contact;  7) 
lower  spring  plate  with  con¬ 
tact. 


Naphthenic  hydrocarbons  occupy  an  in¬ 
termediate  position.  Since  1961,  a 
modernized  IT9-3M  installation  is  be¬ 
ing  produced,  and  in  terms  of  equip¬ 
ment  this  installation  is  a  definite 
Improvement.  The  design  of  the  compres¬ 
sion-ratio  -change  mechanism  on  this  in¬ 
stallation  has  been  improved.  The  ex¬ 
haust  system  has  been  fitted  out  with 
a  special  receiver.  The  d.c.  generator 
has  been  replaced  by  a  current  recti¬ 
fier.  Improved  Instruments  have  been 
Installed,  etc. 

DETERMINATION  OP  ANTHCNOCK  PROPERTIES 
OP  FUELS  ABROAD 

In  the  Peoples  ’  Democracies  the 
IT -9  installation  is  used  predominant¬ 
ly  for  the  determination  of  the  anti¬ 
knock  properties  of  gasolines  and  the 
ignition  properties  of  diesel  fuels. 

In  many  countries  (USA,  Great  Britain, 
France,  Italy,  Iran,  etc.)  the  ASTM- 


CFR  installations  are  used,  and  these  are  produced  by  the  American  firm 
of  "Waukesha  Motor  Company.  *'  This  firm  is  presently  producing  five  var¬ 
ious  types  of  single -cylinder  Installations; 

1)  for  the  determination  of  the  octane  numbers  of  automotive  and 
aviation  gasolines  according  to  the  motor  method  (standard  D-357); 

2)  for  the  determination  of  octane  numbers  of  automotive  gasolines 
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by  the  research  method  (standard  D-908); 

3)  for  the  determination  of  the  antiknock 
properties  of  high-octane  aviation  gasolines  by 
the  Ic  method  (standard  D-6l4)j 

4)  for  the  determination  of  performance  num¬ 
bers  for  rich-mixture  aviation  gasolines  by  the 
3c  method  (standard  D-909); 

5)  for  the  determination  of  the  cetane  num¬ 
bers  of  diesel  fuels  by  the  flash -coincidence 
method  (standard  D-613). 

Each  of  the  above -enumerated  ASTM-CPR  in¬ 
stallations  is  a  specially  equipped  laboratory 
motor  stand  of  almost  the  same  type  as  the  IT -9 


...  -.4  . -  installation  which  consists  of  a  single -cylinder 

engine  with  a  variable  compression  ratio,  a  syn- 
Fig.  29*  Electro-  , 

mechanical  ignition  chronous  electric  motor  connected  to  the  engine, 
of ^imock^ sensing^  ^  control  panel  with  monitoring -measuring  equip - 

element).  ment,  and  the  instruments  required  for  the  carry¬ 

ing  out  of  the  tests.  The  ASTM-CFR  installations  all  use  similar  single- 
cylinder  engines  which  exhibit  the  following  basic  technical  character¬ 
istics;  cylinder  diameter  82.6  mmj  piston  stroke  114.3  mm;  working  vo¬ 
lume  of  cylinder,  0.612  liters. 


Fig.  29.  Electro¬ 
mechanical  ignition 
indicator  (a  type 
of  Imock  sensing 
element). 


In  recent  years,  a  number  of  Improvements  and  chaiiges  have  been  in¬ 
troduced  into  the  single -cylinder  ASTM-CPR  installations,  as  well  as  in¬ 
to  the  conditions  under  which  the  fuel  tests  in  these  Installations  are 
carried  out,  and  as  a  result  oonten^orary  Installations  are  substantial¬ 
ly  different  from  those  produced  earlier  (Pig.  31).  The  system  of  spent - 
gas  exhaust  from  the  engines  by  means  of  an  expansion-i-ecoiver  inct.c.'ln- 
tion  for  reduction  of  exliaust  counterpressure  lias  been  improved  on  ! 
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type&  of  installations. 


Fig.  30.  Scale  fOi-»  conversion 
from  secondar5^  reference  fuels 
to  primary  reference  fuels,  in 
the  determination  of  cetane 
numbers,  l)  Cetane  number;  2) 
gas  oil  In  mixture  v/ith  green 
oil,  by  volume. 


In  the  Installations  employed  for 
methods  Ic  and  3c  this  receiver  pro¬ 
vides  for  special  water  cooling  of 
the  spent  gases'. 

In  the  installations  employed  for 
the  motor  and  research  .methods,  as  well 
as  in  the  installation  employed  for  the 
Ic  method,  the  diameter  of  the  air  in¬ 
take  tube  in  the  column  has'  been  sub¬ 
stantially  Increased  in  order  to  main¬ 
tain  constant  humidity  for  the  Intake 
air,  and  this  substantially  reduces 
the  intake  resistance. 

In  the  installations  employed  in 
the  motor  and  research  methods,  instead 
of  the  Mclzhley  [sic]  pin  and  "knock- 
meter"  for  the  measurement  of  knock 
intensity,  we  use  an  electronic  deto- 
nometer,  i.e.,  the  "Phillips"  (model 
50IA)  with  a  magnetostrictive  D-1  sen¬ 
sing  element,  in  connection  with  which 
there  liave  been  changes  introduced  into 


the  design  of  the  control  panel  and  the 

Fig.  31.  Over-all  view  of 

ASTM-CPR  installation  distribution  of  the  instruiconts  and  e- 

(Waw.vf-.’tha)  for  determination 

of  0  me  numbers  by  the  re-  quipment  on  the  control  panel,  as  may 
seaj’cn  method. 

be  seen  in  Pig. 31* 


The  utili:::atlon  of  this  equipment  has  no  effect  on  the  magnitude 


of  the  antilaiock  pa\)perty  estimate,  but  substantially  facilitates  and 


and  accelerates  the  determination, 
and  also  makes  possible  greater  ac¬ 
curacy  and  reliability  In  the  re¬ 
sults  obtained. 

In  the  ASTM-CFR  installation 
for  the  3c  method  for  the  evaluation 
of  knock  intensity,  we  use  the  Sperry 
detonometer  (model  KI4-l).wlth  a  mag¬ 
netic  vibration -frequency  sensing 
element.  In  addition,  other  improve¬ 
ments  have  been  introduced  into  this 
design.  For  example,  the  single - 
cylinder  engine  is  connected  to  the 

Fig,  32,  Over-all  view  of  ASTM-  synchronous  electric  motor  by  meeuis 
CPR  installation  (V/aukesha)  for 

determination  of  aviation-gaso-  of  a  special  clutch  rather  than  by 
line  performarice  number  by  the 

3c  method,  means  of  the  belt  drive.  As  a  result 

the  losses  due  to  friction  have  been  reduced  and  the  possible  slipping 
of  the  belt  has  been  eliminated.  The  position  of  the  air  receivers  in 
the  compressed-air  system  (pressure  feed)  has  been  changed.  The  air  re¬ 
ceivers  have  been  installed  vertically,  one  above  the  other.  Both  of 
these  improvements  served  to  malce  this  a  more  compact  installation 
(Fig.  32). 

In  addition  to  the  above -enumerated  substatitlal  changes  in  the  de¬ 
sign  of  the  single-cylinder  ASTM-CFR  installations)  other  less  signifi¬ 
cant  improvements  have  also  been  introduced. 

Ihe  following  changes  have  been  Introduced  into  the  conditions  rc- 
quii’Gd  for  the  execution  of  the  fuel  tests  in  ASTM-CFH  Installaliotis. 
?ov  the  dally  checl;ins  of  the  proper  functioning  of  the  installatio'"  n 
(for  the  motor  and  research  methods,  as  well  as  for  methods  Ic 
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in  addition  to  reference  fuels,  use  is  also  made  of  special  control 
fuels  consisting  of  mixtures  of  individual  hydrocarbons  of  isooctane 
with  n-heptane,  containing  ethyl  fluid  (0,53  ml/kg  TES  [TEL]). 

To  prepare  the  grid  of  standard  knocking  characteristics  by  the 
3c  method.  Instead  of  the  Industrial  reference  isooctane  (fuel  S), 
chemically  pure  reference  isooctane  (2,  2,  4-trlmethylpentane )  is  used. 
In  this  connection,  the  magnitude  of  the  mean  Indicator  pressure  (p^) 
of  the  knocking  characteristics  of  all  the  reference -fuel  curves  (the 
standard  grid  of  reference -fuel  curves)  has  been  reduced  somewhat.  In 
the  remainder  of  the  cases,  the  conditions  for  the  execution  of  the 
test  remained  without  change  and  correspond  to  domestic  standards  for 
the  determination  of  antiknock  values. 

In  the  Federal  Republic  of  Germany  (PRG)  a  single -cylinder  BASF 
installation  is  being  produced,  and  this  installation  was  developed  by 
the  I.G  Parben  Corporation,  with  this  installation  used  in  a.  number 
of  European  countries  for  the  determination  of  octane  numbers  of  gaso¬ 
lines  in  accordance  with  the  motor  and  research  methods. 

The  BASF  is  a  small -dimension  single -cylinder  installation  which 
is  substantially  different  from  the  IT-9  and  ASTM-CFR  installations  in 
terms  of  design  and  dimensions. 

The  single -cylinder  engine  in  the  BASF  installation  has  a  variable 
compression  ratio  and  the  following  basic  technical  specifications:  the 
cylinder  diameter  is  65  mm;  the  piston  stroke,  100  mm;  the  operating 
volume  of  the  cylinder,  0.332  liters,  i.e.,  less  by  a  factor  of  almost 
2  than  the  working  volume  of  the  cylinder  in  the  IT -9  and  ASTM-CFR  in¬ 
stallations.  At  900  rpra,  the  engine  develops  power  equal  to  1.05  hp. 

Depending  on  the  method  employed,  BASF  installations  can  be  used 
to  determine  octane  numbers  under  the  conditions  cited  In  Table  9, 

The  method  involved  in  the  deteriaination  of  octane  numbers  In 
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TABLE  9 

Conditions  for  Testing  Fuels  in  a  BASF 
Installation 


1  noKasareait 


Mitcao  oCopoTOB  RBnraTeaa,  66lMm  .  . 
TcunepaTypa  TonaiiBHo-Boaflymnofi  c>ie- 
co,  «C  . 

6  TcMnepatypa  BcacuBaoMoro  Boaayxa,  ®C 

7  TcMncpaiypa  oxaajKAaioniefl  wiiako- 

p  CTH,  *C  . . “ . 

O  Vroa  OBep«»i'uitfl  aasKHraBaa . 

9  Annaparypa  Asa  aaucpa  ACTOBaoHu  .  . 


l)  Indicators;  2)  motor  method  of  determin¬ 
ing  octane  numbers;  3)  research  method  of 
determining  octane  numbers;  4)  rpm  of  engine; 

5)  temperature  of  fuel -air  mixture,  °C;  6) 

temperature  of  intake  air  °C;  7)  temperature 

of  coolant,  ^C;  8)  crank -angle  Ignition  lag; 

9)  equipment  for  measurement  of  knocking; 

10)  26°  before  top  center;  11)  constant  for 
all  compression  ratios;  12)  "Phillips" 

(model  501A)  detonometer;  13)  not  controlled, 

BASF  Installations  is  basically  the  same  as  in  the  case  of  IT-9  and 
ASTM-CFR  installations  for  the  corresponding  methods.  The  BASF  in¬ 
stallation  and  the  test  methods  in  this  installation  have  been  stan- 
darized  in  the  PRG  (standard  DIN  51576). 

In  addition  to  these  installations ,  the  FRG  [Federal  Republic  of 
Germany]  produces  a  single -cylinder  BASF  Installation  with  a  diesel 
engine  for  the  determination  of  cetane  numbers  of  diesel  fuels.  There 
is  a  4-stroke  diesel  with  a  constant  compression  ratio  (of  the  KD-12 
type  produced  by  the  MWM  Company)  in  this  Installation,  and  this  unit 
has  the  following  basic  industrial  (technical)  specifications:  the 
cylinder  diameter  is  90  mm;  the  piston  stroke,  120  mm;  and  the  v;orkln 


volume  of  the  cylinder  Is  O.85  liters,  l.e.,  somewhat  greater  than  in 
IT9-3  and  ASTM-CPR  installations. 

* 

The  cetane  numbers  are  determined  in  this  installation  under  the 
following  basic  conditions. 

Engine  rpm  ^  . . .  1000 

Coolant  temperature ,  100 

Fuel -injection  angle,  in  degrees  before  top  center  .  20 

Instant  of  fuel  ignition . .  at  top  center 

Quantity  of  injected  fuel,  ml/inln .  20 

The  installation  and  method  for  the  determination  of  the  cetane 

numbers  has  been  standardized  in  the  FRG  (standard  DIN  51733). 
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[List  of  Transliterated  Symbols] 

*  TES  =  TEL  =  Tetraethyllead 
.  =  0. Ch.  =  Oktanovoye  chlslo  =  octane  number 
t  =  topllvo  -  fuel 
V  =  vozdukh  =  air 


Chapter  5 

VAPORIZATION  AND  MIXTURE  FORMATION  IN  ENGINES 
In  all  types  of  internal -combustion  engines,  the  onset  of  fuel 
combustion  is  always  preceded  by  complete  or  partial  vaporization  of 
the  fuel.  In  piston-type  gasoline  engines  with  spark  Ignition,  the  on¬ 
set  of  combustion  is  preceded  by  practically  complete  vaporization  of 
the  fuel.  In  piston  engines  with  compression  ignition,  and  in  gas- 
turbine  engines,  combustion  may  begin  even  when  only  part  of  the  fuel 
has  gone  into  the  vapor  state,  forming  isolated  foci  of  a  homogeneous 
fuel -and -air  mixture. 

VAPORIZATION  AND  MIXTURE  FORMATION  IN  CARBUERETED  ENGINES 

The  quality  of  mixture  formation  and  the  uniformity  with  which 
the  fuel  is  distributed  among  the  cylinders  of  a  carbuereted  engine 
are  determined  to  a  considerable  degree  by  vaporization  of  the  gaso¬ 
lines  used.  The  fuel  economy  of  a  carbuereted  engine  can  be  raised 
sharply  by  proper  selection  of  the  fractional  composition  of  the  gaso¬ 
line,  correct  and  accurate  adjustment  of  the  carbueretor,  and  utiliza¬ 
tion  of  external  factors.  In  this  connection.  It  Is  very  important  to 
consider  the  processes  of  vaporization  and  mixture  formation  in  a  car¬ 
bueretor  engine  and  the  basic  factors  Influencing  these  factors. 

In  carbuereted  engines,  vaporization  of  the  gasoline  and  formation 
of  the  (working)  fuel -and -air  mixture  have  been  basically  completed  by 
the  time  the  i\iel  enters  the  engine's  cylinder. 

In  carbuereted  engines,  the  fuel  mixture  is  distributed  among  the 
cylinders  in  the  vaporized  state,  and  for  this  reason  a  gasoline  of 
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light  fractional  composition  and  high  volatility  is  required  for  car- 
buereted  engines.  It  is  perfectly  obvious  that  the  more  completely  the 
gasoline  is  vaporized  before  it  enters  the  engine  cylinder,  the  more 
uniform  will  be  the  mixture  and  the  more  uniformly  will  the  gasoline 
be  distributed  among  the  engine ‘s  cylinders. 

Prof.  M.M.  P^slennikov  says  that  ’*The  degree  of  evaporation  of  the 
fuel  before  entry  into  the  cylinder  that  is  necessary  to  produce  com¬ 
plete  evaporation  toward  the  end  of  the  compression  stroke  is  not 
exactly  known  to  this  day.  It  may  be  assumed  in  approximation  that  40  — 
50^  of  the  gasoline  in  a  fresh  mixture  should  be  vaporized  before  en¬ 
try  into  the  cylinder.  *' 

However,  the  danger  of  incomplete  vaporization  of  the  gasoline  in 
the  engine's  intake  system  consists  primarily  in  condensation  of  non- 
evaporated  gasoline  drops  from  the  air  flow  onto  the  walls  of  the  line, 
with  the  result  that  the  mixture  has  a  nonuniform  composition,  and  the 
liquid  film  of  fuel  moving  slowly  along  the  walls  cannot  be  distributed 
uniformly  among  the  cylinders. 

Garbueretlon  Processes 

The  gasoline  escapes  from  the  carbueretor  Jet  in  the  form  of  a 
thin  stream  whose  sectional  area  is  determined  by  the  size  of  the  Jet 
openings. 

The  equation  describing  the  outflow  of  the  gasoline  from  the  Jet 
is  determined  to  a  considerable  degi'oe  by  the  shape  of  the  Jet  itself, 
which  is  what  govems  the  laminar  or  vortical  flow  of  the  fuel.  In 
laminar  outflow  of  the  gasoline  from  the  Jet,  this  process  is  described 
by  Poiseuille's  law,  according  to  which  the  head  (h),  expressed  in  mm 
of  water  colujjm,  overcoming  the  resistance  is 

Jb  •=*  2l2)ie  * 


where  w  is  the  outflow  speed  of  the  fuel  in  m/sec,  L  Is  the  length  of 
the  outflow  channel  in  meters,  d  is  the  channel  diameter  in  meters,  and 

p 

T)  is  the  fuel's  Internal -friction  eoefficient  (viscosity)  in  kg*  sec/m  . 

,  This  formula  assumes  the  absence  of  vorticity  in  the  motion  of  the 
fuel  flow;  this  Is  actually  observed  only  up  to  a  certain  critical  out¬ 
flow  speed. 

In  cases  of  vortical  outflow  of  the  gasoline,  the  equations  des¬ 
cribing  the  outflow  will  depart  from  Polseuille  's  law. 

The  outflow  speed  of  the  gasoline  from  the  Jet  is  determined  by 
the  speed  at  which  the  air  flow  moves  through  the  carbueretor  diffuser, 
which,  in  turn,  is  determined  by  the  vacuum  in  the  engine  's  intake 
system. 

The  Jet  of  gasoline  issuing  from  the  Jet  immediately  enters  an  air 
stream  moving  at  a  velocity  of  70  ~  100  m/sec.  Under  the  influence  of 
the  aerodynamic  pressure  of  the  air  and  the  vortical  motion  of  the 
outflowing  liquid  itself,  thengasoline  Jet  is  broken  up  into  millions 
of  minute  droplets.  The  speed  and  thoroughness  with  which  the  gasoline 
stream  is  atomized  are  determined  primarily  by  the  velocity  at  which 
the  air  flow  is  moving  in  the  diffuser,  the  outflow  speed  of  the  gaso¬ 
line  from  the  Jet,  and  the  physicochemical  properties  of  the  gasoline. 
Surface  tension  and  viscosity  are  among  the  most  important  physical 
properties  of  gasoline  that  influence  its  atomization. 

The  gasoline  leaves  the  carbueretor  in  finely  atomized  form.  Here, 
part  of  it  vaporizes,  withdrawing  heat  from  the  air  and  from  the  walls 
of  the  engine's  intake  system  for  evaporation,  and  the  gasoline  vapors, 
entrained  by  the  air  flow,  enter  the  engine's  cylinder.  The  unvaporized 
part  of  the  gasoline  may  either  settle  on  the  walls  of  the  Intake  mani¬ 
fold  or  be  picked  up  by  the  air  flow  and  taken  to  the  cylinder  in  the 
form  of  small  droplets. 
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The  quantity  of  nonvaporlzed  gasoline  that  will  be  carried  away 
by  the  air  flow  will  depend  on  the  extent  of  atomization  and  the  velo¬ 
city  at  which  the  air  Is  moving.  All  other  conditions  the  same,  the 
aimount  of  gasoline  that  will  be  carried  away  by  the  air  flow  In  liquid 
form  will  be  larger  the  higher  the  speed, of  the  air  flow  and  the  small¬ 
er  the  atomized  gasoline  droplets. 

The  gasoline  that  has  settled  In  liquid  form  on  the  walls  of  the 
manifold  will  also  move  toward  the  cylinders,  but  much  more  slowly  than 
the  air  stream.  The  moving  liquid  gasoline  film  is,  as  a  rule,  the 
higher -boiling  portion  of  the  gasoline,  which  evaporates  much  more 
slowly. 

The  air  flow  in  the  engine's  intake  system  is  not  a  steady,  uni¬ 
form  flow  of  air,  but  a  continuously  vibrating  flow.  Pulsation  and  vi¬ 
bration  of  the  air  flow  arise  primarily  because  of  the  periodic  closing 
of  the  engine  's  cylinder  valves.  Under  certain  conditions,  the  pressure 
oscillations  In  tfie  intake  system  may  give  rise  to  Instantaneous  depo¬ 
sition  of  gasoline  particles  from  the  air  in  zones  of  elevated  pressure. 

To  this  we  should  add  that  the  change  In  direction  of  the  airflow 
motion  as  a  result  of  pressure  oscillations  In  the  manifold  takes  place 
considerably  more  rapidly  than  the  change  in  direction  of  the  fine  gas¬ 
oline  droplets  pi’esent  in  the  suspended  state,  since  the  inertia  of  the 
liquid  gasoline  partlc?Hes  Is  greater  than  that  of  the  gases. 

Cessation  of  the  motion  of  the  liquid  gasoline  particles  may  re¬ 
sult  In  breakdown  of  mlxtur:  unlfornilty  and  nonuniform  distribution  of 
the  mlxtui'e  among  the  cylinders.  This  phenomenon  is  particularly  marked 
when  multicylinder  engines  operate  on  rich  mixtures. 

Po'jslble  consequences  of  nonuniform  distribution  of  the  gasoline 
among  the  cylinders  are:  1)  Increased  gasoline  consumption  and  loworc:, 
econoijsy  of  the  engine  and  2)  excessively  rich  or  lean  mixtures  goln-- 
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individual  cylinders;  the  latter  may  disturb  the  smoothness  of  the 
combustion  process  and,  in  certain  cases,  even  cause  overheating  of 
the  engine  and  knocking. 


This  is  why  it  is  necessary  that  the  gasoline  be  more  completely 
vaporized  in  the  intake  systems  of  oarbuereted  engines  before  it  enters 
the  cylinder. 

Vaporization  of  Gasoline  in  Carbueretor  Throat 

The  following  three  factors  exert  decisive  Influence  on  the  com¬ 
pleteness  with  which  gasoline  is  vaporized  in  the  carbueretor  throat: 

1)  the  air -flow  rate  in  the  carbueretor  throat; 

2)  the  temperature  of  the  air  entering  the  throat; 

3)  the  fractional  composition  of  the  gasoline. 


TABLE  10 

Influence  of  Air-Plow  Velocity  on  Vaporization  of 
Gasolines  (air  at  30°,  a  »  1.0) 
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In  cont  it^^orary  carbuereted  engines,  the  rate  of  air  flow  into  the 
cat^ueretor  diffuser  comes  to  70  to  100  m/sec,  while  the  rate  of  air 


flow  varies  from  20  to  4o  m/sec. 

,  ' the  air  flow  exerts  a  considerable  influence  on 
•  tha •  f i^Oieitess  with  which  the  goasoline  is  atomized  and,  consequently, 
on 'the; of  its  vaporization.  All  other  conditions  the  same, 
tjie;..iga0oiithe  la  rate  of  vaporization  will  be  higher  the  higher  the  ve- 
air  flow  (Table  10). 

:  Thofrou^  atomization  of  the  gasoline  Increases  the  total  evapora- 
tloh:at;a?fa'C®  9.nd,  consequently,  the  vaporization  rate. 

.  Alir  . temperature  is  a  second  important  factor  which  exerts  great 
influence  on  vaporization  of  gasoline  in  the  Intake  system  of  an  en¬ 
gine.  Thia  Influence  is  determined  by  the  fact  that  an  increase  in  air 
temperature  Increases  the  pressure  of  the  gasoline  vapors,  reduces  its 
surface  tension,  and  accelerates  the  process  of  gasoline -vapor  diffu¬ 
sion  into  the  air  stream. 

Influence  of  Mixture  Composition  on  Vaporization  of  Gasolines 

As  a  mixture  becomes  leaner,  i.e,,  as  the  gasoline -to-air  ratio 
dlminlshe^s#  evaporation  of  the  gasoline  will  be  Intensified,  all  other 
conditions  the  same.  This  qualitative  law  remains  valid  for  all  air 
temperatures  and  flow  velocities  (Table  11). 

Influence  of  Vapor  Pressure  of  Gasolines  on  Evaporation 

If  a:|jji30llne  has  a  high  vapor  pressure,  this  means  that  the  grade 
of  gasolim'  in  question  contains  hydrocai'bons  possessing  high  vapor 
pressures. 

However,  we  may  not  draw  inferences  as  to  the  quantatlve  content 
of  light  fractions  in  a  gasoline  on  the  basis  of  vapor  pressure  alone, 

A  given  vapor  pressure  may  be  arrived  at  in  a  gasoline  in  either  of  two 
different  ways.  In  one  case,  the  gasoline  may  acquire  a  high  vapor  pres 
sure  as  a  result  of  addition  of  a  small  quantity  of  iiydrocarbons  pos¬ 
sessing  high  vapor  pressures  (isopentane)  to  the  gasollfie.  In  another 
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Influence  of  Mixture  Com¬ 
position  on  Vaporization 
of  Gasolines  (air  flow  in 
diffuser  80  m/sec,  temper¬ 
ature  15^) 
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vaporization  of  var¬ 
ious  gasolines,  3) 
B-70  aviation  gasoline i 
4)  A -66  automobile  gaso¬ 
line. 


case,  a  high  vapor  pressure  may  be  at¬ 
tained  by  including  in  the  gasoline  a 
rather  large  quantity  of  hydrocarbons 
possessing  medium  vapor  pressures. 

Consequently,  the  vapor  pressure  of 
a  gasoline,  taken  alone  with  consideration 
of  its  fractional  composition,  is  not  an 
adequate  index  to  its  vaporizability.  Let 
us  Illustrate  this  using  an  example. 

There  are  two  grades  of  gasoline  with  the 
same  saturation  vapor  pressure  (340  mm 
Hg)  but  different  fractional  compositions. 

In  the  first  gasoline  (A-66)  we  have 


a  considerable  quantity  of  the  butane -pentane  rx'action.  In  the  second 
gasoline  (B-70),  this  fraction  is  totally  absent.  For  the  second  gaso¬ 
line  to  have  the  same  vapor  pressure  as  the  first,  it  must  contain  a 
considerable  quantity  of  hydrocarbons  with  medium  vapor  pressures,  as 
is  reflected  by  its  fractional  composition.  On  vaporization  in  a  stream 
of  air,  the  second  gasoline  will,  all  other  conditions  the  same,  vapor¬ 
ize  faster,  although  its  starting  properties  at  low  temperatures  will 
be  better  than  those  of  the  first  gasoline.  This  effect  is  also  observ¬ 
ed  on  comparison  of  the  vaporisabllitles  of  aviation  and  automobile 
gasolines. 

For  a  given  vapor  pressure,  a  gasoline  with  a  ligliter  fractional 
composition  vaporises  ouch  more  completely  and  rapidly  in  the  air 
stream  (Table  12). 


But  if  the  gasolines  liave  the  same  fmctional  composition,  the 
vapor  pressure  may,  in  this  case,  serve  as  an  index  to  its  vaporlsabl 
llty.  The  higher  the  vapor  pressure  of  a  gasoline,  the  better  will  it 


TABLE  12 

Vaporization  of  Gasolines  in  Air  Plow  on  Car- 
bueretion  (air  flow  in  diffuser  80  in/sec, 
a  =  1.0) 
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TABLE  13 

Influence  of  Fractional  Composition  of  Gasoline 
on  its  Vaporization  during  Carbueretlon 
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vaporize. 

As  we  tmow,  however,  the  saturation  vapor  pressure  of  any  liquid. 
Including  gasolines.  Is  a  function  of  temperature:  the  higher  the  tem¬ 
perature,  the  higher  the  vapor  pressure.  Consequently,  we  nay  increase 
not  only  the  vapor  pi'essure  of  a  ^sollne  by  lalslng  the  tempemtui’e , 
but  its  vaporlsablllty  as  well. 

The  siiarp  Increase  in  vaporizabllity  of  gasoline  that  takes  plj.;- 
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when  the  temperature  of  the  air  entering  the  carbueretor  Is  raised 
results  In  preheating  of  the  gasoline  droplets,  and  this  Increases 
the  vapor  pressure  and  Improves  vaporization. 

Influence  of  Fractional  Composition  of  Gasolines 

The  fraotlonal  composition  of  a  gasoline  has  a  strong  Influence 
on  its  evaporation  during  carbueretion.  All  other  conditions  the  same, 
the  lighter  the  fractional  composition,  the  greater  will  be  the  portion 
of  the  gasoline  that  enters  the  vapor  state  In  the  throat  prior  to  en¬ 
tering  the  engine 's  cylinders.  This  relationship  Is  clearly  evident 
from  Table  13 . 

VAPORIZATION  AND  MIXTURE  FORMATION  IN  INJECTED  ENGINES 

In  fuel -Injection  engines,  the  gasoline  Is  fed  Into  the  cylinder 
through  a  nozzle  during  the  intake  stroke.  The  time  during  which  the 
gasoline  vaporizes  In  the  engine  cylinder  Is  determined  by  the  time 
elapsing  from  the  start  of  injection  to  ignition  of  the  mixture  by  the 
elect -Ic  spark  during  the  compression  stroke.  The  duration  of  this 
period  depends  on  the  engine  rpm‘s,  on  the  Injection  angle,  and  on  the 
spark -advance  angle,  but  amounts  to  only  hundredths  of  a  second. 

Thusi  for  example,  the  gasoline  for  the  ASh-82FH  engine  is  injec¬ 
ted  Into  the  cylinder  during  the  Intake  stroke  with  a  30°  delay  after 
TDC,  and  Ignition  is  set  20°  before  TDC  In  the  compression  stroke;  the 
vaporization  time  of  the  gasoline  In  the  cylinder  Is  36O  -  50  =  310°  of 
crankshaft  revolution  or,  converted,  0.02  to  O.03  sec.  Consequently, 
only  0.02  sec  Is  set  aside  for  the  entire  process  of  gasoline  vapori¬ 
zation  and  for  priming  of  the  mixture  for  Ignition  at  n  »  25OO  rpm. 

In  accordance  with  the  manner  and  conditions  of  gasoline  vapori¬ 
zation  In  the  cylinder,  the  total  vaporization  time  may  arbitrarily  be 
broken  down  Into  two  parts:  ,  . 

a)  vaporization  of  the  gasoline  during  the  Intake  stroke  at  a  con- 
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stant  pressure  that  is  actually  very  close  to  atmospheric j  during  this 
period,  the  air  entering  through  the  intake  valve  sets  up  vigorous  tur¬ 
bulent  motion  inside  the  cylinder,  and  this  improves  mixing  of  the  gas¬ 
oline  with  the  air  and  residual  gases  and  speeds  up  vaporization  of  the 
gasoline ; 

b)  vaporization  of  the  gasoline  during  the  compression  stroke, 
when  the  vortical  motions  of  the  mixture  slow  down  to  some  extent  and 
the  pressure  and  temperature  Inside  the  cylinder  rise  rapidly. 
Vaporization  in  Intake  Stroke 

In  an  injection -type  engine,  the  gasoline  is  fed  into  the  cylinder 
through  a  special  nozzle  in  a  finely  atomized  state ;  simultaneously 
with  the  gasoline,  air  enters  through  the  Intake  valve  at  a  speed  of 
about  80  m/sec. 

At  a  certain  point  in  time,  therefore,  a  spray  of  gasoline  con¬ 
sisting  of  minute  droplets  from  1  to  5  u  in  diameter  is  being  acted 
upon  by  two  air  flows  which,  being  directed  onto  the  surface  of  the 
spray  at  different  angles,  give  rise  to  a  chaotic  vortical  motion  re¬ 
lative  to  the  surface  of  the  gasoline  droplet.  It  is  this  vortical 
motion  of  the  air  in  the  engine  cylinder  that  produces  the  extremely 
high  rate  of  evaporation  of  gasoline  in  the  engine's  cylinder. 

For  the  Intake  stroke,  the  pressure  in  the  cylinder  maiy  be  re¬ 
garded  as  equal  to  atmospheric. 

The  high  speeds  of  the  vortical  motion  of  the  air  and  the  low 
pressure  inside  the  cylinder  are  the  favorable  factors  that  Insure  a 
high  rate  of  gasoline  vaporization  in  the  engine  cylinder  during  the 
Intake  stroke. 

Vaporization  During  Compression  Stroke 

In  certain  cases,  vaporization  of  the  gasoline  in  the  cylinder 
has  not  been  completed  at  the  end  of  the  Intake  stroke,  but  contir.vc  * 
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into  the  compression  stroke. 


The  conditions  for  vaporization  of  the  gasoline  in  the  compres¬ 
sion  stroke  differ  considerably  from  those  prevailing  during  the  in¬ 
take  stroke.  The  fundamental  differences  in  the  gasoline -vaporiza¬ 
tion  conditions  in  the  compression  stroke  are  as  follows: 

a)  the  vortical  motions  of  the  air  slow  down  during  the  compres¬ 
sion  stroke,  but  the  air  continues  to  move  as  a  result  of  the  piston's 
motion;  the  speed  of  this  motion  is  about  10  to  11  m/sec; 

b)  the  pressure  inside  the  cylinder  rises  sharply,  reaching  15  to 
20  atmospheres,  depending  on  compression  ratio  and  supercharging; 

c)  the  temperature  of  the  air  (mixture)  rises  sharply  and  may 
reach  400  to  550^  by  the  time  the  mixture  is  ignited. 

Consequently,  vaporization  of  gasoline  in  the  cylinder  during  the 
compression  stroke  is  somewhat  retarded  by  the  increased  pressure  and 
accelerated  considerably  by  the  sharp  increase  in  air  temperature. 

In  view  of  the  relatively  light  fractional  composition  of  gaso¬ 
lines,  we  may  assume  that  the  Influence  of  high  air  temperature  on 
vaporization  of  the  fuel  is  considerably  greater  .than  the  retarding 
effect  of  the  elevated  pressure  in  the  cylinder  during  the  compression 
stroke. 

Influence  of  Air  Temperature  on  Vaporization 

The  speed  and  completeness  of  vaporization  of  the  gasoline  inject 
ed  into  the  engine  cylinder  is  determined  to  a  considerable  degree  by 
the  temperature  of  the  air  entering  the  cylinder. 

Depending  on  the  temperature  of  the  outside  air  and  supercharging 
pressure,  the  air  may  be  heated  to  50  to  100°  even  in  the  engine's 
supercharger.  On  entering  the  cylinder,  the  air  is  further  heated  as  a 
result  of  contact  with  the  hot  surfaces,  as  well  as  by  mixing  of  the 
fresh  air  with  the  residual  gases  inside  the  cylinder.  During  the  In- 
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ductlon  process  (Intake  stroke),  the  temperature  of  the  air  is  raised 
by  50  to  100® j  by  the  beginning  of  the  compression  stroke,  the  mixture 

temperature  has  reached  100  to  200®.  In  engines  with  compression  ratios 

« 

from  6.0  to  7»0,  the  mixture  temperature  reaches  400  to  550®  and  the 
pressure  15  atmospheres  by  the  end  of  compression. 


TABLE  14 

Influence  of  Temperature  Conditions  in  Engine  on 
Vaporization  of  Gasoline 
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l)  Gasoline;  2)  temperature  of  chamber  and  cylinder 

walls  ®C;  3)  vaporization  of  fuel  in  cylinder  (in 

at^  4)  air  temperature,  ®C;  5)  B-100/130  aviation 
gasoline;  6)  A-66  automobile  gasoline. 

Research  has  shown  that  for  a  given  quality  of  gasoline,  the  speed 
and  completeness  of  Its  evaporation  in  the  engine  cylinder  are  deter¬ 
mined  in  the  final  analysis  by  the  temperature  conditions  under  which 
the  motor  is  operating. 

For  each  gradks  of  gasoline,  there  exists  a  certain  minimum  teiiiper- 
ature  at  which  the  gasoline  will  be  completely  vaporized  in  the  engine 
chamber,  depending  on  its  fi'uctional  composition.  This  minimum  tempera¬ 
ture  necessary  for  vaporization  of  the  gasoline  is  determined  by  the 
tempez*ature  state  of  the  engine  and  the  temperature  of  the  air  entering 
the  cylinders. 

Gasolines  of  light  fractional  composition  vaporize  practically  in¬ 
stantly  on  injection  into  an  operating,  warmed-up  engine  ar.d  go  ovr  r 


into  the  gaseous  state. 


As  the  fractional  composition  of  the  gasoline  becomes  heavier  (for 
a  given  set  of  engine  temperature  conditions),  vaporization  of  the  gas¬ 
oline  deteriorates.  This  phenomenon  is  clearly  illustrated  by  the  data 
of  Table  l4. 

In  examining  Table  14,  it  should  be  taken  into  account  that  these 
data  were  obtained  ander  engine -operating  conditions  in  which  high 
turbulence  of  the  air  is  observed  in  the  engine  cylinder.  Consequently, 
these  data  cannot  be  extended  to  the  time  at  which  the  engine  is  start¬ 
ed,  when  the  cylinder-wall  temperature  may  have  been  brought  up  to  the 
necessary  level,  but  motion  (turbulence)  of  the  air  is  almost  totally 
absent.  On  starting,  vaporization  of  the  gasoline  injected  into  the 
cylinder  approaches  the  conditions  of  static  evaporation  of  a  stream 
of  gasoline  in  quiet  air. 

Influence  of  Velocity  of  Air  Motion  on  Vaporization 

Until  recently,  investigators  regarded  air  turbulence  in  the  en¬ 
gine  cylinder  ar^  a  factor  that  exerted  a  strong  influence  on  the  rate 
of  propagation  of  the  flame  front,  without  having  any  link  to  the  pro¬ 
cess  of  gasoline  vaporization. 

However,  Intensification  of  the  air's  turbulent  motion  in  the  cy¬ 
linder  gives  rise  to  an  increase  in  tne  rate  of  flame -front  propaga¬ 
tion,  not  only  due  to  mechanical  agitation  of  the  burning  mixture  lay¬ 
er,  but  also  as  a  reiult  of  '  e  more  complete  vaporization  of  the  gaso¬ 
line  and  the  more  uniform  distribution  of  the  fuel  throughout  the  vo- 

» 

lume  of  the  air. 

The  speed  at  which  the  piston  Is  travelling  Is  determined  by  the 
number  of  engine  rpm*s  and  the  length  of  its  stroke,  and  may  be  com¬ 
puted  by  the  followliig  formula: 


where  m  Is  the  speed  of  the  piston  in  m/sec,  s  Is  the  length  of  the 
piston  stroke  In  meters,  and  n  Is  the  number  of  engine  rpm’s. 

For  an  engine  with  a  piston  stroke  of  I70  mm  operating  at  2000 
rpm’s  the  piston  speed  Is 

“'-'30  “ — 30 — m/sec 

Experimental  researches  confirm  that  the  rate  of  displacement  of 
the  air  In  the  cylinder  Is  about  12  m/sec  when  air  Is  entering  the  cy¬ 
linder  at  a  rate  of  80  m/sec. 

Experimental  studies  have  shown  that  the  Intensity  of  air  turbu¬ 
lence  In  the  cylinder  exerts  enormous  Influence  on  the  speed  and  com¬ 
pleteness  of  vaporization  of  the  gasoline  Injected  Into  the  cylinder. 

As  a  rule,  all  other  conditions  the  same,  vaporization  Is  better 
the  higher  the  turbulence  of  the  air. 

The  strong  Influence  that  turbulence  exerts  on  gasoline  vaporiza¬ 
tion  is  due  to  the  following  factors: 

a)  the  high  velocity  at  which  the  air  is  moving  breaks  up  the 
stream  more  thoroughly  and  reduces  the  size  of  the  gasoline  droplets, 
thereby  increasing  the  vaporization  surface; 

b)  the  high  speed  at  which  the  air  is  moving  accelerates  vapori¬ 
zation  of  the  gasoline  drops  because  the  air  di*aws  vapor  from  the  di-op 
surfaces  and  carries  the  vapor  away  from  the  Immediate  vicinity  of  the 
drops; 

c)  turbulence  considerably  improves  the  exchange  of  heat  between 
tiie  various  layers  of  air  and,  consequently,  intensifies  heating  of  the 
gasoline  droplets  suspended  in  the  air; 

d)  In  turbulence,  i.e*,  when  we  observe  a  high  speed  of  mass  trans¬ 
fer  relative  to  tlie  evaporating  droplet  surface,  the  pi^cess  in  whlch 
gasoline  vapors  diffuse  Into  the  air  increases  sharply. 
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The  Influence  of  intensity  of  air  motion  on  gasoline  vaporization 


Is  shown  below. 
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Influence  of  Temperature  State  of  Engine  on  Vaporization  of  Gasoline 


TABIiE  15 

Cylinder-Wall  Temperature  at  which  Fuel  Is  Fully 
Vaporized 
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The  speed  \<lth  which  an  aviation  engine  can  be  prepared  for  take¬ 
off  and  its  normal  operation  usually  Involve  attainment  of  a  certain 
temperature  regime  in  the  engine. 


The  thermal  state  of  the  engine  is  ordinarily  judged  from  the  tern 


peratui'e  of  the  coolant  and  the  oil  teiaperature  in  the  system  and  at 


the  outlet,  etc. 


Bringing  the  engine  up  to  a  certain  temperature  is  dictated  by 
the  necessity  of  ensuring  complete  vaporization  of  the  gasoline  in  the 
cylinder  by  the  time  the  mixture  is  ignited. 

The  minimum  temperature  necessary  in  the  engine’s  combustion  cham¬ 
ber  will  be  different  for  gasolines  with  different  fractional  composi¬ 
tions.  The  heavier  the  fractional  composition  of  the  gasoline,  the 
higher  will  be  the  temperature  inside  the  cylinder  at  which  it  vapor¬ 
izes  completely.  This  statement  is  clearly  illustrated  by  Table  15, 
which  shows  the  minimum  cylinder-wall  and  combustion-chamber  tempera¬ 
tures  necessary  for  complete  vaporization  of  fuels  having  various  frac¬ 
tional  compositions. 

The  figures  in  this  table  Indicate  that  under  normal  conditions, 
gasoline  is  completely  vaporized  in  an  aviation  engine  if  the  cylinder 
and  combustion -chamber  walls  are  no  cooler  than  72®. 

In  operation  on  automobile  gasoline,  this  temperature  may  not  fall 
lower  than  110®. 

Consequently,  there  is  every  justification  for  assuming  that  prac¬ 
tically  all  of  the  gasoline  is  in  the  vapor  state  in  a  warn«d-up  avia¬ 
tion  engine  by  the  time  the  mixture  is  Ignited. 

VAPORISATION  AND  MIXTURE  EORHATION  IN  COMPRESSION -IGNITION  ENGINES 
(DIESELS) 

In  compression-isnitior.  engines,  the  mixing  and  combustion  pro¬ 
cesses  ai^e  superimposed  on  one  another.  Very  little  time  is  allowed  for 
mixing  processes  and  for  preparation  of  the  fuel  for  combustion  in 
these  engines.  As  a  result,  uniform  distribution  of  the  fuel  in  the  air 
volume  is  an  exceptionally  important  factor.  Distribution  of  the  fuel 
droplets  over  the  entire  combustion -chaaber  volume  is  achieved  by  fine 
atomisation  of  the  fuel  and  by  giving  the  spray  a  certain  shape  an.- 
range.  ‘■■C’*:*' 
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In  the  initial  stage  of  mixing^  Isolated  zones  at  vjhich  fuel  va¬ 
pors  have  accumulated  form  in  the  volume  of  the  compressed  air.  As  the 
fuel  drops  evaporate,  and  under  the  influence  of  turbulence,  the  iso¬ 
lated  zones  of  fuel  vapor  expand  to  form  more  or  less  large  volumes 
filled  with  fuel  vapors. 

For  given  fuel  characteristics,  the  completeness  of  vaporization 
of  the  atomlzed-fuel  droplets  and  mixture  formation  are  determined  by 
the  fineness  and  uniformity  of  the  spray,  proper  selection  of  the  shape 
and  slze^of~^bHe~~cdne  v-^fehe--amhlent  tempe^ture  and  the  time  provided  for 
these  processes.  The  chemical  composition  of  the  fuel  exerts  virtually 
no  influence  on  the  mixing  process. 

It  is  assumed  that  due  to  the  extremely  limited  time  available  for 
priming  of  the  mixture  in  compress ion -ignition  engines,  the  vaporiza¬ 
tion  process  of  the  fue?  is  not  completed  by  the  time  it  is  ignited. 

This  is  one  of  the  basic  reasons  why  combustion  in  a  diesel  begins  with 
almost  simultaneous  ignition  of  the  mixture  at  different  points.  The 
nature  of  the  combustion-process  development  in  this  case  will  be  deter¬ 
mined  chiefly  by  chemical  (oxidation)  reactions. 

Fineness  of  Atomization 

The  fineness  of  atomization  is  determined  by  the  average  droplet 
size  in  the  spray  cone.  Atomization  is  regarded  as  fine  if  the  average 
fuel -droplet  diameter  is  relatively  small  and  as  coarse  if  the  average 
droplet  diameter  is  large. 

Prof.  T.M.  Mel’kumov  takes  the  position  that  the  average  droplet 
diameter  of  the  atomized  fuel  is  2  to  5  p.  for  high-speed  diesels.  Given 
such  a  droplet  diameter,  the  dose  of  fuel  injected  into  the  cylinder  is 
broken  up  into  several  million  drops. 

V/hen  the  injection  pressure  is  raised,  the  average  droplet  dia¬ 
meter  diminishes  and,  consequently,  the  fineness  of  fuel  atomization 
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Increases,  as  will  be  seen  from  the  following  data. 

1  anpucKt,  am  50  100  150  200  250  300 

2  CpeAmtfi  ApaMeip  Kaneni.  TonauM,  mk  40,00  33.75  26,75  20,00  13.75  4,37 

1)  Injection  pressure,  atmospheres;  2)  average 

fuel -droplet  diameter,  p,. 

The  data  above  Indicate  that  as  the  injection  pressure  is  increas¬ 
ed  by  a  factor  of  6,  the  average  fuel-droplet  diameter  is  reduced  by  a 
factor  of  9* 

With  increasing  density  of  the  medium  into  which  the  fuel  is  in¬ 
jected,  the  fineness  of  atomization  Increases.  However,  Prof.  T.M. 

Mel  ’kumov  has  advanced  the  hypothesis  that  this  qualitative  relation¬ 
ship  can  obviously  be  correct  only  up  to  a  certain  limit,  above  which 
the  reverse  effect  may  occur,  i.e.,  an  excessive  Increase  in  back  pres¬ 
sure  will  slow  the  motion  of  the  stream  considerably  and  interfere  with 
its  decomposition  into  fine  droplets. 

These  conclusions  are  also  confirmed  by  experimental  research. 
Thus,  for  example,  on  injection  of  fuel  into  a  cylinder  at  atmospheric 
pressure,  the  average  droplet  diameter  is  23  p;  at  a  cylinder  pressure 
of  5  atmospheres,  the  average  droplet  diameter  is  17  p  and  at  a  10- 
atmosphere  cylinder  p  *essure  the  average  droplet  diameter  is  13  p. 

Thus,  an  Increase  in  injection  pi'essure  by  a  factor  of  2  causes 
a  reduction  of  approximately  20J^  in  average  fuel -droplet  diameter. 

The  viscosity  and  surface  tension  of  the  fuel  exert  considerable 
Influence  on  its  atomization.  The  higher  the  viscosity  and  surface  ten¬ 
sion,  the  poorer  the  atomization,  1. e, ,  the  larger  the  average  diameter 
of  the  atomlzed-fuel  droplet. 

MIXTURE  PORI^TION  IN  OAS-TUHBINE  ENGINES 

In  piston  engines  with  spark  ignition,  combustion  is  deteriiiin 


a  considerable  degree  by  the  chemical  composition  of  the  fuel. 

In  gas-turbine  engines,  combustion  is  chiefly  a  function  of  the 
physical  characteristics  of  the  fuel.  For  this  reason,  mixing  and  the 
characteristics  of  the  fuel,  which  Influence  mixing,  will  determine 
the  combustion  process  to  a  considerable  degree  in  gas-turbine  engines. 

In  examining  the  processes  of  mixing  and  combustion,  we  may  arbi¬ 
trarily  break  the  gas-turbine  engine's  combustion  chamber  up  into  three 
zones:  l)  a  mixing  zone,  2)  the  combustion-zone  proper,  and  3)  a  zone 
of  final  combustion  and  dilution  of  the  gases  with  secondary  air. 

Under  real  conditions,  these  zones  do  not  have  sharp  boundaries 
and  one  merges  into  the  other  progressively  with  overlapping. 

t 

It  has  been  established  by  research  that  the  proficiency  of  the 
mixing  process  is  determined  primarily  by  the  fineness  of  atomization, 
the  vaporizability  of  the  fuel,  and  the  intensity  of  air  turbulence. 

In  .lection  and  Atomization  of  Fuel 

Injection  and  atomization  of  the  fuel  in  the  combustion  chamber 
of  the  gas-turbine  engine  represent  the  initial  stage  in  the  cycle,  and 
OHw  that  determines  to  a  considerable  degree  the  course  of  its  subse¬ 
quent  stages. 

The  quality  of  fuel  atomization  is  evaluated  by  the  fineness  and 
uniformity  as  well  as  the  range  of  the  injected  jet.  » 

The  fineness  of  atomization  is  characterized  by  the  averi.ne  dia¬ 
meter  of  the  atomised-fuei  droplets]  the  narrower  the  range  into  which 
the  droplet  diameters  fall,  the  more  uniform  is  the  atomization.  The 
more  uniformly  the  fuel  is  atomized  in  the  volume  of  the  air  flow  pass¬ 
ing  through  the  combustion  chamber,  the  more  complete  will  mixing  be¬ 
come. 

Vaporisation  of  Fuel 

The  droplets  of  atcaalzed  fuel,  which  are  in  the  suspended  state, 
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evaporate  and  move  in  the  direction  of  the  combustion  zone.  The  vapor¬ 
ization  process  of  finely  atomized  fuel  droplets  moving  at  a  certain 
velocity  relative  to  the  medium  surrounding  them  Is  extremely  complc^^ 
When  a  fuel  droplet  is  washed  by  a  stream  of  air,  the  flow  breaks 
away  at  its  surface,  and  a  dead  zone  forms  behind  the  drop.  As  a  re¬ 
sult,  vaporization  takes  place  at  different  rates  from  various  zones 
on  the  drop  surface.  In  this  case,  the  rate  of  vaporization  is  deter¬ 
mined  not  only  by  temperature,  the  pressure  of  the  mediinn,  the  vapor 
pressure  of  the  evaporated  fuel  and  droplet  size,  but  also  by  the  hy¬ 
drodynamic  conditions  of  the  process,  i.e.,  by  the  speed  of  the  rela¬ 
tive  motion  of  the  gas  flow  and  its  turbulence. 

As  the  drop  moves  In  the  flow,  the  temperature  of  the  surface  and 
the  liquid  nucleus  of  the  droplet  rise  steadily  as  a  result  of  heat 
transfer  from  the  combustion  zone.  It  is  assumed  that  when  the  temper¬ 
ature  of  a  fuel  droplet  has  reached  the  liquid’s  boiling  point,  the 
saturation  vapor  pressure  at  the  droplet  surface  is  higher  than  the 
prevailing  pressure.  Under  such  conditions,  the  rate  of  diffusion  of 
fuel  vapor  into  the  surrounding  medium  (air)  becomes  very  large.  In 
this  case,  the  rate  of  droplet  evaporation  In  the  gas  flow  is  deter¬ 
mined  chiefly  by  the  flow  of  heat  from  the  surrounding  medium  to  the 
droplet  surface.  A  theoretical  and  experimental  investigation  of  the 
heat-transfer  processes  and  the  rate  of  heating  of  droplets  in  a  gas 
stream  i^s  been  made  by  Prof,  D.N.  Vyrubov. 
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. "■  '  Chapter  6 

COMBUSTION  OP  FUELS  IN  ENGINES 

Internal-combustion  engines  are  heat  machines  intended  for  the 
conversion  of  the  chemical  energy  of  a  fuel  into  mechanical  energy. 
Chemical  energy  is  converted  into  mechanical  energy  by  burning  a  fuel 
in  the  combustion  chamber  of  an  engine  and  using  the  work  of  the  ex¬ 
panding  gaseous  products  of  fuel  combustion. 

On  the  basis  of  the  technical  principles  involved  in  the  deriva¬ 
tion  of  mechanical  energy,  thermal  engines  can  be  divided  into  piston, 
turbine,  and  Jet  engines.  On  the  basis  of  the  combustion  process,  we 
distinguish  continuous -combustion  and  periodic -combustion  engines;  on 
the  basis  of  the  fuel-ignition  method  employed,  we  distinguish  auto- 
ignition  and  forced-ignition  engines. 

Generally,  gasoline,  kerosene,  solar,  and  heavier  fractions  of 
petroleum  are  used  as  the  fuel  in  internal -combustion  engines. 

The  combustion  of  a  fuel  is  a  fast  chemical  reaction  involving  the 
oxidation  of  the  fuels  with  oxygen,  and  this  reaction  is  accompanied 
with  the  liberation  of  heat  and  the  appearance  of  a  flame.  The  process 
of  fuel  combustion  in  engines  lasts  for  thousandths  of  a  second.  In 
order  for  the  fuel  entering  the  combustion  chamber  of  the  engine  to  be 
completely  burned  up  during  such  a  short  interval  of  time,  the  fuel  is 
subjected  to  preliminary  preparation  involving  its  atomisation,  vapori¬ 
sation,  and  the  mixing  of  the  fuel  vapors  with  an  oxidizer. 

The  chemical  preparation  of  the  mixture  takes  place  simultaneously 
and  involves  the  initial  preflame  reactions  between  the  fuel  molccuac 


and  the  oxidizer.  The  extent  of  the  chemical  preparation  of  the  fuel- 
oxidizer  mixture  is  determined  by  the  temperature  and  the  pressure  of 
the  mixture. 

Generally  the  oxygen  of  the  air  is  used  as  the  fuel  oxidizer  in 
engines.  Only  in  certain  types  of  engines.  In  particular  In  liquid  fuel 
rocket  engines,  are  special  chemical  compoxmds  (nitric  :j.cid,  liquid 
oxygen,  etc. )  used  as  oxidizers. 

In  order  for  the  chemical  reaction  of  combustion  to  begin  In  the 
prepared  fuel-air  mixture,  an  initial  flame  focus  must  be  created  with- 
in  the  mixture,  and  the  flame  must  propagate  from  this  focus  throughout  y. 
the  entire  mixture  until  complete  (total)  combustion  is  achieved.  In 

9*- 

t 

engines,  the  initial  flame  focus  (the  ignition  of  the  mixture)  is  gen-  ry 
erally  accomplished  by  means  of  an  electric  spark  (forced -Ignition  -C*! 

engines).  Another  ignition  method  is  possible,  and  here  the  entire  vo-  >* 
lume  of  the  fuel -air  mixture  is  heated  to  a  temperatui'e  at  which  the  fT 

initial  flame  foci  appear  spontaneously  (without  forced  ignition)  with-  •>: 

, 

in  the  mixture  (autoignltlon  engines  -  diesels). 

The  propagation  of  the  flame  from  the  initial  foci  takes  place  as 

a  result  of  the  heating  of  a  thin  layer  of  fresh  mixture  in  contact  y' 

with  the  surface  of  the  flame  focus,  ar.d  this  layer  is  heated  to  a  tern-  y 

perature  in  excess  of  the  ignition  temperature.  The  ignition  of  a  fresh  17 

mixture  is  enhanced  by  active  particles  -  atoms,  radicals,  and  ions  -  I;' 

diffusing  into  the  fresh  mixture  from  the  igniting  mixture.  The  thin  v 

layer  of  gas  in  which  the  combustion  reaction  takes  place  is  referred  y 

to  as  the  flame  front.  !♦' 

In  order  for  the  flame  to  begin  its  propagation  through  the  mix- 

ture  the  following  conditions  must  be  maintained.  First  of  all,  the  T 

energy  of  the  initial  flame  focus  (the  power  of  the  spark)  must  be  S 

» 

sufficiently  hlgli.  Given  inadequate  spark  power,  the  heat  liberated  in  > 
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H,0 

6.7  36,5 

3.3  19,0 

1.9  48,0 
3.0  sao 

2.3  — 

4.9  20,7 

2.8  14,4 
2,0  11.6 


1)  Fuel  (combustible);  2)  Ignition  limit,  in  of 
fuel  (combustible)  by  volume;  3)  lower;  4)  upper; 

5)  hydrogen;  6)  carbon  monoxide;  7)  acetylene;  8) 
methane;  9)  ethane;  10)  propane;  11)  butane;  12) 
butylene;  13)  pentane;  l4)  hexane;  15)  cyclohexane; 
16)  benzene;  17)  heptane;  l8)  toluene;  19)  isooc¬ 
tane;  20)  acetone;  21)  methyl  alcohol;  22)  ethyl 
alcohol;  23)  ethyl  ether;  24)  ethylene  oxide;  25) 
diethyl  oeroxide;  26)  methylamine ;  27)  dimethy la- 
mine;  28)  t rime thy laraine. 


the  initial  flame  focus  is  dispersed  throughout  the  volume  of  the  fresh 
mixture  and  there  is  no  flame  propagation.  Secondly,  the  content  of 
fuel  in  the  mixture  must  lie  within  a  definite  range,  beneath  and  above 
which  flame  propagation  will  not  take  place  regardless  of  the  power  of 
the  igi.lllon  spark.  We  distinguish  an  upper  ignition  limit  which  is  ob¬ 
tained  with  the  highest  fuel  (combustible)  content  in  the  mixture,  and 
a  lower  limit  which  occurs  in  the  case  of  least  fuel  (combustible)  con¬ 
tent  in  the  mixture.  Table  l6  presents  the  values  of  concentration  ig¬ 
nition  limits  (limits  of  flame  propagation)  for  mixtures  of  certain 
fuels  (combustibles)  with  air. 

Consequently,,  the  process  of  fuel  combustion  in  engines  can  be 


sented  as  consisting  of  several  individual  processes:  the  physica} 


{/ 

t 

chemical  preparation  of  the  fuel-air  mixture,  the  formation  of  the  v,; 

Initial  flame  foci  (ignition  of  the  mixture),  and  the  propagation  of 

the  flame  from  the  initial  foci  through  the  fresh  mixture.  p* 

Depending  on  the  manner  in  which  the  initial  flame  foci  were  form-  ;.>• 

’.‘•'I 

ed  within  the  mixture  (forced  ignition  or  autolgnltlon),  the  subsequent  •> 

propagation  of  the  flame  from  these  foci  takes  place  in  a  variety  of  , 

ways.  In  the  case  of  autolgnltlon,  when  the  mixture  is  heated  to  a  suf-  v-: 

flciently  high  temperature  and  Is  chemically  well  prepared,  the  flame 

is  propagated  at  a  substantially  higher  rate  than  in  the  case  of  the  ^ 

ignition  of  a  cold  mixture  by  a  spark.  ■' 

In  view  of  the  turbulent  motion  of  the  fuel -air  mixture  in  engines, 

individual  portions  (volumes)  of  the  fresh  mixture  may  enter  an  area  * 

behind  the  flame  front.  Into  the  products  of  combustion  heated  to  high 

temperatures.  Therefore  In  forced-ignition  engines  some  portion  of  the 

fuel  is  subjected  to  combustion  as  a  result  of  autolgnltlon.  At  the  ^ 

same  time.  In  autolgnltlon  engines  a  substantial  portion  of  the  fuel  y! 

•* , 

injected  into  the  cylinder,  subsequent  to  which  ignition  took  place, 

is  burned  up  as  a  result  of  the  propagation  of  the  flame  through  a  'Z 

comparatively  cold  and  chemically  poorly  prepared  mixture.  < 

Consequently,  In  each  type  of  internal -combustion  engine  a  portion 

of  the  mixture  is  subjected  to  combustion  at  a  high  rate  as  a  result  of 

autolgnltlon  and  the  remaining  portion  -  at  a  slower  rate  —  as  a  result  -S 

of  the  propagation  of  the  flame  through  a  "cold"  and  chemically  poorly  y 

prepared  mixture.  L 

The  greater  the  fraction  of  the  mixture  consumed  as  a  result  of  .* 

’  « 

autolgnltlon,  the  greater  the  quantity  of  heat  released  per  unit  time  y 
Into  the  combustion  chamber  of  the  engine,  and  the  greater,  all  other 
conditions  being  equal,  the  efficiency  of  the  engine.  This  method  of 
Increasing  engine  efficiency  has  a  number  of  limitations  associated 
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with  the  disruption  of  the  normal  combustion  process  when  the  above - 
determined  limits  ofthe  portion  of  fuel  consumed  as  a  result  of  auto- 
Ignltlon  are  lncrea^d.~fii"  the  majority  of  cases,  these  limitations 
are  associated  with  the  features  encountered  in  the  preflaime  chemical 
reactions  in  hydrocarbon -air  mixtures. 

PREFLAME  REACTIONS  IN  THE  CASE  OF  THE  AUTOIGNITION  OP  HYDROCARBON -AIR 
MIXTURES 

In  hydrocarbon -air  (or  oxygen)  mixtures  heated  to  temperatures  in 
excess  of  the  autoignition  temperature,  the  appearance  of  flame  foci 
is  preceded  by  preflame  chemical  reactions.  The  pre flame  reactions  in¬ 
volving  the  interaction  of  molecules  from  the  fuel  (combustible)  and 
oxidizer  become  possible  at  a  mixture  temperature  substantially  lower 
than  the  autolgnitlon  temperature.  These  chemical  reactions  are  exo¬ 
thermic,  l.e.,  they  take  place  with  liberation  of  heat.  In  this  case, 
the  temperature  of  the  reacting  mixture  increases,  and  this  in  turn 
results  in  an  Increase  in  the  rate  of  the  preflame  reactions.  If  the 
quantity  of  heat  removed  from  the  reacting  mixture  Is  less  than  that 
liberated  during  the  reaction,  after  a  certain  Interval  of  time  (igni¬ 
tion  lag)  the  mixture  will  heat  up  to  a  temperature  in  excess  of  the 
autolgnitlon  temperature  and  an  explosion  will  occur. 

Figure  33  shows  the  autoignition  limits  for  hydrocarbon -air  mix¬ 
tures  as  a  function  of  pressure  and  mixture  temperature.  The  region  in 
which  the  mixture  ignites  can  be  divided  into  thi*ee  sones  -  a  low- 
temperature,  a  transition,  and  a  high -temperature  zone. 

The  preflaroe  oxldat.ion  reactions  are  chain  reactions  with  degener 
ate  branching  of  the  c.hains,  i.e.,  reactions  in  which  the  branching 
of  the  chains  is  governed  by  stable  Inteneedlate  products  «  peroxides 
atid  aldehydes  -  which  decay  substantially  more  easily  than  the  Initial 
substances  and  form  three  radicals  -  active  centers  of  reaction.  The 


above -enumerated  iGnitlon  zones 
differ  from  one  another  in  terms 
of  the  nature  of  the  reactions 
which  result  in  the  degenerate 
branching  of  the  chains.  The  Ini¬ 
tiation  of  the  chain  reaction  in 
the  gas  mixture  can  be  represented 
by  the  following  equations: 

RH+Oo  R'+UO„* , 

R'+Og  ROO* 

(peroxide  radical). 

The  subsequent  development  of 
a  chain  reaction  in  each  of  the  autoignition  zones  is  shown  In  Table  17 • 
The  substances  responsible  for  the  branching  of  the  chains  in  the 
low -temperature  and  high -temperature  zones  are,  respectively,  the  per¬ 
oxides  and  the  aldehydes.  In  order  to  branch  the  chains  through  the 
peroxides  a  small  energy  of  activation  is  required;  therefore,  the  bran¬ 
ching  may  take  place  at  relatively  low  temperatures.  In  the  case  of  high 
temperatures  the  peroxide  radical  decays  and  a  branching  reaction  throu- 
gh  the  aldehydes  becomes  possible,  and  for  this  reaction  to  take  place 
a  higher  activation  energy  is  required  than  for  the  branching  through 
the  peroxides. 

In  the  traiisltion  zone,  the  chains  become  branched  primarily  as  a 

result  of  the  interaction  of  the  peroxide  radicals  with  the  aldehydes, 

* 

i.e.,  the  Interaction  of  those  substances  which  result  in  the  branching 
of  the  chains  in  the  low -temperature  and  hi^ -temperature  zones. 


Rig*  33*  Topical  diagram  of  au- 
toignitlon  zones  for  hydrocar¬ 
bons,  I)  Zone  of  high- tempera¬ 
ture  single-stage  ignition;  II ) 
zone  of  low- temperature  multi¬ 
stage  ignition;  III)  transition 
zone;  1)  cold  flame. 


In  view  of  this ,  periodic  self -oscillatory  chemical  reactions  may 
take  place  in  the  transition  zone. 

In  References  [3,  4]  D.A.  Prank-iCamenetskly  developed  the  theory 


TABLE  17 

Basic  Reactions  In  the  Development  of  Chains  In 
Various  Autolgnltlon  Zones 


i  SOBt 
casiOBOt* 
luaMoimu 

2  OcnoBuite  petKBis 

3  ni)OA<»iKOBno 
ueaa 

4  BUpOjHAOBDOe 

uasDeTBAeBB* 

c  Hr«ko* 
b  rntnopa. 
typBM 

ROO+BH-anOOH+R 

• 

noon  -  no+oH  • 

r 

llvponauoit 

Rod  -♦  R'cn  ->  R'aio+oH 

1 

O-OH 

dH+RH-*R+H,0 

ROO+R'CnO  -+  Rd+6H+ 
+R'Cd 

7  Ducoko* 

'  tcMnopa- 
n'puM 

R'6  -♦  R'CHjO  -4  ai,0 + R' 

R'cd+nH-4n'ci!0+R 

RO<)-*R'CH-R*aiO 

R'CHO+O,  -♦  R'CO+Hd, 

a!,o+o,-»iic6+iid. 

1)  Autolgnltlon  zone;  2)  basic  reactions;  3) 
continuation  of  chain:  4;  degenerate  branching; 

5)  low -temperature;  6)  transition;  7)  high- 
temperature  . 

of  the  occurrence  of  self -oscillatory  chemical  reactions  In  the  oxida¬ 
tion  of  hydrocarbons.  Subsequently,  Yu.G.  Gervart  and  D.A.  Frank- 
Kamenetskly  set  up  experiments  in  which  they  observed  the  periodic  oc¬ 
currence  of  cold  flames  in  a  fuel-air  mixture  [5], 

A  feature  of  the  transition  zone,  closely  associated  with  the  phe 
nomenon  of  periodic  preflame  reactions,  is  the  anomalous  change  in  the 
autolgnltlon  lag;  with  a  rise  in  temperature  the  autolgnltlorD  lag  does 
not  dimJnlsli,  but  rather  Increases.  These  features  encountered  In  the 
preflame  reactions  in  the  transition  sone  are  of  gj'eat  practical  sign! 
flcaiice. 

Xf  the  cold  fuel-air  mixture  enters  a  sone  of  relatively  high  tern 
peraturod«  as  the  mixture  heats  up  preflame  reactions  will  take  place 
within  the  mixture  and  these  will  initially  correspond  to  a  low -temper 
ature  zone,  then  to  the  transition  sone,  and  finally  to  the  high-it:r.- 
perature  zone,  in  these  cases,  we  find  the  phenomenon  of  multlstac'r 

-  138  - 


isnitior..  Sevei'El  flashes  of  a  light -blue  flame  (the  so-called  "cold" 
flame)  appear  in  a  fuel -air  mixture  during  the  autoignition  lag  and 
correspondingly  there  are  a  number  of  pressure  jumps. 


After  a  number  of  such  flashes  the  mixture  Ignites.  The  Intervals 
between  the  pressure  jumps  or  flashes  of  cold  flame  characterize  the 
duration  of  each  stage  of  the  multistage  autolgnltlon  process.  There 
Is  reason  to  expect  that  the  appearance  of  these  coldi  flames  will  take 
place  each  and  every  time  there  Is  a  change  In  the  nature  of  the  re¬ 
actions  determining  the  degenerate  branching  of  the  cliains  (for  ex¬ 
ample  ^  with  a  change  in  the  temperature  of  the  mixture  and  the  transi¬ 
tions  of  the  mixture  from  one  ignition  zone  to  another). 

The  nature  of  the  pre flame  reactions  talcing  place  within  the  mix¬ 
ture  is  also  a  function  of  the  phase  state  in  which  the  fuel  enters 
the  high -temperature  zone.  If  the  fuel  enters  the  high -temperature  zone 
in  the  liquid  phase,  in  the  form  of  drops,  yet  another  stage  in  the 
multistage  autoignition  process  Is  possible,  i.e.,  the  liquid-phase 
stage  of  fuel  oxidation, 

THE  EFFECT  OF  LIQUID-PHASE  OXIDATION  OF  A  VAPORIZED  FUEL  ON  THE  COURSE 
OP  PREPLAME  REACTIONS  IN  ENGINES 

The  oxidation  of  hydrocarbons  in  the  llqi ^  d  pha^e  may  take  place 
at  substantially  lower  temperature than  in  the  case  of  vapor  pliase. 

We  can  expect  that  In  engines  drops  of  atomised  cold  i'uel  will  be  sub¬ 
ject  to  sufficiently  intense  liquid-phase  oxidation  to  the  point  at 
wiilch  they  vaporize.  This  liquid-phase  ^xlciation  may  have  a  substantial 
effect  on  the  course  of  the  subsequent  preflame  reactions  in  the  vapor¬ 
ising  fuel.  To  this  time  no  experimental  verification  of  the  possibili¬ 
ty  of  liquid-phase  oxidation  of  drop^  oj  atomized  fuel  in  engines  has 
been  undertaken.  We  set  up  the  follo'j^lng  experiments  which  confirmed 
the  possibility  of  the  liquid -phase  oxidation  of  fuel  drops  in  engines. 
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Fig,  34.  Installation  for  investigation  of 
oxidisablllty  of  fuel  droos.  1)  Air  to  drop- 
perj  2)  to  vacuum  punsp;  3)  from  air  blower. 

The  Investigation  was  carried  out  on  a  laboratory  installation  of 

which  we  present  a  diagram  in  Fig.  34.  The  Installation  consisted  of  a 

fuel  tasik  1  with  a  dropper,  thus  making  it  possible  to  produce  drops 

of  desired  dimensions;  a  reactor  H  in  which  the  given  temperature, 

pressure,  and  rate  of  air  flow  was  maintained;  receivers  for  the  liquid 

2  and  condensing  vapor  3  -fuel  phases,  the  vaporised  portion  ta  coaden- 

sed  In  the  cooler  Kh^^. 

I^e  coolers  and  Kh-.  restricted  the  dis^nslons  of  the  reaction 
d  0 

zone.  The  air  which  entered  the  reactor  was  heated  by  furnace  To 


35*  Effect  of  temperature 
on  oxidizability  of  fuel  drops 
(drop  diameter,  1.0  mm).  1) 
Oxidized  molecules,  2)  tem¬ 


perature,  °C. 


Pig.  36.  Effect  of  drop  dimension 
on  the  oxidizability  at  an  air 
temperature  of  300°.  l)  Oxidized 
molecules,  2)  drop  diameter, 
mm. 


through  a  microscope.  The  obtained 


compensate  for  the  heat  losses 
in  the  reactor,  the  latter  was 
equipped  with  an  electric  heater 
which  maintained  the  air  temper¬ 
ature  (tg)  at  the  outlet  from 
the  reactor  equal  to  the  air 
temperature  (t^)  at  the  inlet  to 
the  reactor.  The  air  flow  rate 
was  determined  by  means  of  rheo¬ 
meters  and  Rg,  and  the  air 
pressure  was  determined  by  means 
of  manometer  m.  The  dimensions 
of  the  drops  are  estimated  by 
means  of  a  counting  microscope 
M.  A  Judgment  was  arrived  at 
with  respect  to  the  degree  of 
oxidation  of  the  drops  and  fuel 
vapors  collected  in  receivers  2 
and  3  ^y  the  direct  determina¬ 
tion  of  the  oxygen  content 
results  were  expressed  in  the  form 


of  a  conditional  percentage  of  the  oxidized  molecules.  If  v;e  assume, 
for  example,  that  each  molecule  of  diesel  fuel  with  a  molecular  weight 
of  178  is  bound  to  1  atom  of  oxygen,  the  oxygen  content  in  %  by  weight 
in  the  oxidized  fuel  amounts  to  (16  x  100)  /  178  +  I6)  =  8.25^.  This 
quantity  corresponds  to  100^  of  the  oxidized  molecules.  If  the  oxygen 
content  a  in  the  fuel  is  expressed  in  by  weight,  the  percentage  of 
oxidized  molecules  will  be; 
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D.Z.  brand  diesel  fuel,  derived  from  Baku  petroleum,  and  boiling 
off  within  a  range  from  190  to  330®,  was  subjected  to  oxidation.  The 
oxidation  was  carried  out  at  a  reactor  pressure  of  700  mm  Hg,  a  temper¬ 
ature  of  100-500®,  and  drop  dimensions  of  0-1.4  mm.  The  time  spent  by 
the  fuel  drops  in  the  reactor  was  determined  by  computation  [6]  and 
amounted  to  ~  0.07  sec.  The  time  spent  by  the  fuel  vapors  in  the  reac¬ 
tor  was  equal  to  -  1  sec.  The  results  of  the  investigation  showed  that 
under  the  given  conditions  the  fuel  vapors  remained  virtually  unoxidized 
At  the  same  time,  the  fuel  drops  were  subjected  to  intensive  oxidiza¬ 
tion  despite  the  substantially  shorter  time  that  they  spent  in  the  re¬ 
actor  (Figs.  35,  36). 

Tne  oxidation  of  the  fuel  drops  —  a  heterogeneous  chemical  process 
whose  rate  is  a  function  of  the  rate  of  oxygen  diffusion  to  the  surface 
of  the  drop.  With  an  increase  in  the  air  temperature,  the  rate  of  oxy¬ 
gen  diffusion  to  the  surface  of  the  drop  increases.  Simultaneously, 
there  is  an  increase  in  the  quantity  of  fuel  vaporized  from  the  surface 
of  the  drop.  The  formed  flow  of  fuel  vapors  diffuses  from  the  surface 
of  the  drop  and  offers  resistance  to  the  approaching  oxygen  diffusion. 
Therefore  a  change  in  temperature  within  the  range  from  100  to  500® 
exerts  comparatively  little  li'.fluence  on  the  quantity  of  oxidized  mole¬ 
cules  (Fig.  35)*  A  similar  situation  is  observed  in  the  case  of  a  re¬ 
duction  in  drop  diameter,  Heio  we  alsvj  obsex've,  on  the  one  hand,  an 
increase  in  the  rate  of  the  reaction  as  a  result  of  the  increase  in 
surface  area  per  unit  volume;  on  the  other  hand,  an  increase  in  surface 
area  per  unit  volume  of  substance  results  in  ar^  increase,  according  to 
the  3.1.  SreznevBkiy  [7l  law,  in  on  increase  in  the  quantity  of  vapori¬ 
zed  fuel.  The  total  effect  of  these  processes  results  in  a  reduction  of 
the  degree  of  oxidation,  beginning  with  drops  having  a  diameter  of 
'"1,0  mm. 

-  142  - 


The  data  that  we  obtained  make  It  possible  for  us  to  expect  rather 
intensive  oxidation  of  the  drops  under  the  conditions  prevailing  in  the 
engine.  Drops  of  atomized  fuel  (of  all  dimensions)  are  subjected  to 
some  oxidation,  even  at  rather  low  temperatures.  The  data  presented  in 
Figs.  35  and  36  were  obtained  at  a  pressure  of  700  mw  Hg.  At  higher  en¬ 
gine  pressures,  the  rate  of  oxygen  diffusion  in  the  drop  increases  and 
there  is  a  simultaneous  reduction  in  the  quantity  of  fuel  vaporized  . 
from  the  surface  of  the  drop.  All  of  this  leads  to  the  pronounced  in¬ 
tensification  of  fuel -drop  oxidation. 

In  the  other  experiments,  the  results  of  which  are  presented  in 
Fig.  37,  we  established  a  relationship  between  the  oxidizability  of 
drops  of  DZ  diesel  fuel  to  which  various  quantities  of  organic  peroxide 
had  been  added  and  the  cetane  number  (or  the  ignition  lag)  of  the  die¬ 
sel  fuel  containing  various  quantities  of  organic  peroxide. 

The  duration  of  the  Ignition  lag  for  the  fuel  is  determined  by  the 
rate  of  the  preflarae  reactions.  In  the  case  of  autoignition  of  fuel-air 
mixtures  under  the  conditions  prevailing  in  the  high -temperature  zone, 
the  addition  of  small  quantities  of  peroxide  compounds  has  no  signifi¬ 
cant  effect  on  the  rate  of  the  preflame  reactions,  since  the  peroxide 
compounds  in  this  case  are  not  the  substances  which  determine  the  de¬ 
generate  branching  of  the  chains.  The  addition  of  peroxide  compounds 
to  the  fuel  under  the  conditions  prevailing  in  a  diesel  engine  may  ac¬ 
celerate  only  the  preflame  reactions  taking  place  in  the  liquid  phase, 
i.e.,  the  oxidation  reaction  of  the  atomized  fuel  drops.  The  results 
that  we  obtained  are  presented  in  Pig.  37  and  indicate  the  significant 
effect  tliat  the  liquid -phase  oxidation  of  fuel  drops  exerts  on  the  rate 
of  preflame  reactions  in  the  ease  of  fuel  autolgnltion  in  a  diesel 
engine. 
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Fig-  37*  Effect  of  addition  of 
organic  peroxide  on  change  of 
cetane  number  (l)  and  on  degree 
of  liquid -phase  fuel -drop  oxi¬ 
dation  (2).  A)  Increment  in 
quantity  of  oxidized  molecules, 
^  by  weight;  B)  increment  in 
cetane  number;  C)  increment  in 
cetane  number;  D)  increment  in 
quantity  of  oxidized  molecules, 
%  by  weight;  S)  peroxide  added 
to  fuel,  %  by  weight. 


FUEL  COMBUSTION  IN  DIESEL  ENGINES 

Compress ion -ignition  (diesel) 
engines  refer  to  piston  engines  in 
which  air  is  compressed  in  cylin¬ 
ders  and  the  fuel  injected  into 
the  cylinder  at  the  end  of  the 
compression  stroke  is  ignited  as  a 
result  of  high  air  temperature. 

The  air  pressure  in  the  cylln 
der  of  a  diesel  engine  at  the  end 


of  the  compression  stroke  attains 


30-40  kg/cm'^.  Here  the  air  tem¬ 


perature  rises  to  550-650°.  Such 
parameters  in  the  diesel  engine 
are  attained  as  a  result  of  a  high 
compression  ratio,  equal  to  13-18. 


The  fuel  is  sprayed  (injec¬ 
ted)  into  the  cylinder  of  the  diesel  engine  under  a  pressure  of  200- 

O 

700  kg/cm  .  The  fuel  enters  in  the  form  of  small  drops  having  dimen¬ 
sions  of  5-IOOm.. 


The  supply  of  fuel  to  the  cylinder  of  the  engine  begins  some  10- 
20°  of  crank-angle  rotation  before  top  center  and  continues  as  the 
crankshaft  turns  through  an  angle  of  20-35^-  In  this  case,  the  follow¬ 
ing  fuel-c<upply  function  is  achieved  (the  time  distribution  of  the  fuel 
being  supplied  during  the  injection  period);  during  the  first  and  last 
quarter  of  the  Injeotlon  period  ^  ^5%  of  the  total  quantity  of  fuel  in¬ 
jected  during  the  cycle  is  supplied.  The  remaining  quantity  of  -  75^ 
is  supplied  during  the  second  and  third  quarters. 

The  fuel -combustion  process  in  a  diesel  engine  is  generally  divi' 
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ed  into  three  phases. 

The  first  phase  occupies  the  tijne  interval  from  the  instant  of 
the  beginning  of  fuel  injection  to  the  instant  of  the  beginning  of  a 
pressure  rise  as  a  result  of  the  fuel  ignition  that  took  place.  This 
time  period  is  defined  as  the  autolgnltlon  lag.  In  the  case  of  high¬ 
speed  diesel  engines ,  the  duration  of  the  ignition  lag  is  (0.5-2)  x 
X  10“^  sec. 

The  duration  of  the  ignition  lag  (of  the  first  phase)  is  primarily 
a  function  of  the  chemical  and  physical  properties  of  the  fuel,  and  the- 
temperature  and  pressure  of  the  compressed  air. 

During,  this  period  of  time  the  preflame  reactions  occur  within 
the  fuel,  and  these  in  the  final  analysis  result  in  the  autoignition  ' 
of  the  fuel. 

The  duration  of  the  ignition  lag  determines  che  quantity  of  fuel 
which  will  be  consumed  in  the  engine  as  a  result  of  autoignition.  The 
greater  the  Ignition  lag,  the  greater  the  quantity  of  fuel  entering 
the  cylinder  of  the  engine  in  time  for  ignition,  and  the  greater  the 
portion  of  the  fuel  consumed  as  a  result  of  autolgnltlon. 

The  second  phase  begins  with  the  instant  of  ignition  and  continues 
to  the  instant  at  which  the  maximum  pressure  of  the  cycle  is  attained. 
During  the  second  phase  the  fuel  which  had  entered  the  engine  in  time 
for  ignition  is  consumed,  as  is  that  portion  of  the  fuel  which  con¬ 
tinues  to  enter  the  combustion  chamber  during  the  second  phase.  The 
latter  is  vaporized  and  consumed  as  a  result  of  the  propagation  of  the 
flame  from  the  flame  foci  that  have  originated.  This  portion  of  the 
fuel  is  consumed  at  a  slower  rate  than  that  which  enters  the  combustion 
chamber  during  the  ignition  lag  and  in  which,  at  the  instant  of  igni¬ 
tion,  the  preflame  reactions  took  place. 

2 

By  the  end  of  the  second  phase,  the  pressure  rises  to  60-100  kg/cm 


The  rate  of  pressure  increase  can  attain  6-8  kg/cm  per  1  of 
“crank  angle.  The  high  rate  of  pressure  increase  determines  the  appear¬ 
ance  of  knocking  and  "hard"  engine  operation.  It  is  felt  that  an  en¬ 
gine  is  operating  "softly"  at  a  pressure -rise  rate  not  exceeding  5  kg/ 
cm^  per  1°  of  crankshaft  angle  of  rotation. 

The  basic  effect  on  the  nature  of  the  fuel -combustion  process  dur¬ 
ing  the  second  phase  is  exerted  by  the  duration  of  the  ignition  lag  and 
the  quantity  of  fuel  which  enters  during  the  ignition  lag.-  However, 
these  quantities  determine  the  rate  of  pressure  increase  and  the  "hard¬ 
ness"  of  engine  operation  as  well. 

The  third  phase  begins  at  the  Instant  that  the  maximum  pressure  is 
attained  and  continues  \intil  the  Instant  at  which  95-97^  of  the  fuel 
has  been  consumed.  By  the  beginning  of  the  third  phase,  the  supply  of 
fuel  usually  ceases.  The  rate  of  fuel  combustion  during  this  stage  is 
substantially  lower  than  during  the  second  phase,  since  the  combustion 
takes  place  under  conditions  of  reduced  oxygen  concentration,  dilution 
of  the  combustible  mixture  by  the  products  of  combustion,  and  under 
conditions  of  reduced  pressure  in  the  cylinder  as  a  result  of  the  pis¬ 


ton  shift.  The  duration  of  combustion  during  this  phase  is  determined 
primarily  by  diffusion  processes. 

Conditions  for  the  Most  Effective  Establishment  of  the  Combustion  Process 
The  economy  of  the  engine  is  evaluated  by  the  magnitude  of  the 
specific  fuel  consumption,  i.e.,  the  fuel  flow  rate  per  \mit  of  power, 
in  an  hour. 

The  specific  fuel  consumption  g^^  per  1  indicator  force  m  an  hour 
can  be  calculated  from  the  following  equation; 


<*j  te 


where  Bq  and  T  are,  respectively,  the  pressure  and  temperature  of 


PKl/CHt  '1 


ambient  mediumj  is  the  fill  factor;  a  is 
the  excess  air  ratio;  Lq  Is  the  theoretical 
quantity  of  air  per  required  for  the  total 
(complete)  combustion  of  1  kg. of  fuel  at  15° 
and  733  nun  Kg;  is  the  mean  indicator  pres¬ 
sure  —  the  conditional  excess  constant  pres¬ 
sure  —  which  acts  continuously  on  the  piston 
during  the  course  of  a  single  stroke  and  ac¬ 
complishes  work  equal  to  the  indicator  work 


t-,  ^  durihg  "a '‘^cytt'le ;  K  is  a  proportionality  fac- 

itL  60  90  m  ISO  tor.  * 

c  oc,  ^a4 

Pig.  38.  Theorectlcal  In  Eq.  (l)  the  indicator  which  is  a 

and  experimental  indi¬ 
cator  diagrams,  in  P-V  function  of  the  nature  of  the  combustion  pro- 
coordinates.  1)  Pj  kg/ 

cm^;  2)  a,  deg.  cess  is  P. .  Figures  38  and  39  show  the  indl- 


In  Eq.  (1)  the  indicator  which  is  a 
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cm‘=^;  2)  a,  deg.  cess  is  Pj^.  Figures  38  and  39  show  the  indi¬ 

cator  diagrams  of  ideal  and  real  cycles  in 
the  following  coordinates:  PV  (pressure  and  volume)  and  P-a  (pressure 
and  the  angle  of  crankshaft  rotation). 

The  mean  indicator  pressure  of  an  actual  cycle  can  be  calculated 
in  terms  of  the  magnitude  of  the  hatched  area  S  (Pig.  38):  Pj|^  = 

The  greater  the  area  S  or  an  equivalent  area  bounded  by  the  curve 
bcdeb  (Fig.  39) t  the  greater  the  value  of  P^^  for  a  constant  cylinder 
volume  y^. 

The  value  of  the  area  S  will  be  at  its  maximum  upon  completion  of 
the  theoretical  cycle,  l.e.,  as  the  pressure  in  the  engine  cylinder 
changes  in  accordance  with  the  curve  ABODE  (Fig.  39).  Because  of  engine 
heat  losses  brought  about  by  heat  transfer,  the  peculiarities  and  in¬ 
completeness  of  combustion,  and  hydraulic  losses,  the  actual  indicator 
diagram  (bcdeb)  differs  from  the  theoretical. 


The  extent  to  which  the  actual  indicator  diagram  can  be  approxi- 


lekii 
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Fig*  39.  Theoretical  and  experimen¬ 
tal  indicator  diagrams,  in  P-a  co- 
oi»dinates.  l)  Top  center. 


mated  to  the  theoretical  indicator  diagram  is  also  limited  by  the  per¬ 
missible  rate  of  pressure  increase.  A  condition  necessary  for  the  com¬ 
pletion  of  fuel  combustion  in  accordance  with  the  theoretical  indicator 
diagram  is  the  instantaneous  increase  in  pressure  at  top  center  (line 
BC,  Pig.  39).  This  type  of  explosive  fuel  combustion  results  in  the  . 
rapid  destruction  of  the  engine. 

The  dimension  of  the  area  bcdeb,  and  consequently,  the  dimension 
of  is  a  strong  function  of  the  instant  at  which  the  fuel  ignites  as 
well  as  of  the  quantity  of  fuel  that  enters  the  engine  cylinder  at  the 
Instant  of  Ignition. 

We  can  employ  the  data  presented  in  Pig.  40  to  arrive  at  a  con¬ 
clusion  as  to  the  effect  exerted  by  the  Instant  of  fuel  ignition  on 
the  dimension  of  the  Indicator  diagram.  As  we  can  see  from  Pig.  AO, 
the  greatest  Indioator-dlagram  area  dimensions  are  attained  In  the 
case  of  fuel  Ignition  at  top  center  or  close  to  top  center. 

We  can  employ  the  data  presented  in  Pig.  41  to  arrive  at  a  cer- 
cluslon  as  to  the  nature  of  the  effect  exerted  by  the  quantity  o  *  . 
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Pig.  40.  Change  in  indicator  diagram 
as  a  function  of  the  crank-angle  lag 
(the  numbers  on  the  diagram  Indicate 
the  values  of  the  Injection  crank- 
angle  lag).  1)  Pressure,  atm;  2)  de¬ 
grees;  3}  top  dead  center. 


injected  to  the  Instant  of  ig-  c.;- 
nit  ion  on  the  indicator-diagram 

area.  ^ 

1-;. 

Given  Identical  fuel  feed 
during  the  cycle,  the  greater 
the  amount  of  fuel  entering  the 
engine  cylinder  to  the  Instant 
of  Ignition,  the  greater  the 
area  of  the  indicator  diagram. 

Given  constant  injection 
crank  angles  and  a  fuel -supply 
function,  the  instant  of  fuel 
ignition  and  the  quantity  of 
fuel  injected  into  the  engine 
cylinder  to  the  Instant  of  ig¬ 
nition  are  determined  by  the 
duration  (extent)  of  the  igni¬ 
tion  lag. 


The  instant  of  fuel  ignition  is  determined  by  the  difference  be¬ 
tween  the  duration  t  of  the  ignition  lag  and  the  injection  crank -angle 
lag  0.  If  T  >  0,  the  fuel  ignites  beyond  top  center,  and  this  reduces 
the  area  of  the  Indicator  diagram  and  P^.  If  t  is  equal  to  or  somewhat 
less  than  0,  the  area  of  the  indicator  diagram  and  have  a  greater 
value. 

If,  however,  t  Is  substantially  less  than  0,  the  fuel  will  ignite 
and  begin  to  bum  long  before  the  piston  reaches  top  center  aiid  a  por¬ 
tion  of  the  engine  power  will  be  wasted  on  overcoming  the  pressure 
developed  as  a  result  of  the  coaibustlon  of  a  part  of  the  fuel  during 
the  compression  stroke,  and  this  will  make  Itself  felt  in  reducing  the 
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I  i: 


economy  of  the  engine. 


An  increase  in  t  will  result  in  an 
increase  in  the  quantity  of  fuel  injec¬ 
ted  into  the  engine  cylinder  to  the  in¬ 
stant  of  ignition.  In  this  case,  a 
greater  part  of  the  fuel  charge  is  sub¬ 
jected  to  preflame  preparation.  As  a 
result,  at  the  Instant  of  ignition  there 


Fig.  4l.  Change  in  indica¬ 
tor  diagram  as  a  ‘function 
of  the  quantity  of  fuel  in¬ 
jected  into  the  cylinder  to 
the  instant  of  ignition. 
1-3)  Fuel -supply  function; 

2  and  4)  Indicator  diagrams 
corresponding  to  curves  1 
and  35  S^)  total  quantity 

of  fuel  injected  into  cy¬ 
linder;  A  g  '  and  A  g  ") 

A 

quantity  of  fuel  Injected 
to  Instant  of  ignition  in 
the  case  of  fuel  feed  ac¬ 
cording  to  functions  1  and 

3. 


appear  a  great  many  flame  foci  and  the 
combustion  takes  place  more  intensely 
and  at  a  higher  rate  of  pressure  in¬ 
crease,  and  this  reduces  the  time  during 
which  maximum  combustion  pressure  is 
attained,  and  it  also  increases  the  time 
required  for  the  complete  combustion  of 
the  fuel.  Therefore  with  an  Increase  in 
T  the  area  of  the  indicator  diagram  and 
increase,  eund  consequently,  there  is 


an  Increase  in  engine  economy. 


The  economy  of  the  engine  can  be  increased  only  to  the  limit  deter¬ 
mined  by  the  value  of  t  at  which  the  rate  of  pressure  increase  and  the' 
maximum  combustion  pressure  attain  their  limit  values. 

With  a  decrease  in  t  we  will  find  the  opposite  situation.  Conse¬ 
quently,  the  ignition  lag  for  the  fuel  is  a  basic  indicator  which  de¬ 
termines  the  promptness  of  fuel  ignition  and  combustion. 

The  requirement  for  prompt  ignition  and  combustion  of  the  fuel  can 
be  satisfied  if  the  following  conditions  are  observed. 

1.  For  a  given  fuel -supply  function,  uhe  duration  of  the  Ignltlor 
lag  must  provide  for  the  injection  of  a  quantity  cf  fuel  into  the  en  :*. 


cylinder  to  the  instant  of  ignition  as  can  burn  up  at  the  maximum  per¬ 
missible  rate  of  pressure  increase. 

2.  The  fuel  must  ignite  close  to  top  center,  and  this  can  be  a- 
chieved  by  the  appropriate  setting  of  the  fuel -injection  crank -angle 
lag. 

Preflame  Processes  in  a  Diesel  Engine 

As  a  result  of  having  been  heated  in  the  fuel-feed  pump  and  in 
the  fuel  manifold,  the  fuel  injected  into  the  combustion  chamber  of 
the  diesel  engine  has  a  temperature  of  60-100®.  After  vaporization, 
the  fuel  is  heated  to  the  temperature  of  the  compressed  air  (  ~  500®). 

If  we  assume  that  the  preflame  reactions  take  place  only  in  the 
vapor  phase,  ignition  must  be  of  the  single-stage  variety,  since  in 
this  case  there  is  no  change  in  the  mechanism  of  the  degenerate  bran¬ 
ching  of  the  chains.  At  the  same  time,  however,  there  are  numerous 
experimental  data  indicating  the  existence  of  multistage  fuel  ignition 
in  a  diesel  engine  and,  consequently,  indicating  preflame  reactions 
in  which,  with  the  passage  of  time,  a  change  in  the  mechanism  of  the 
degenerate  branching  takes  place  .and  this  change  is  accompanied  with 
the  appearance  of  "cold  flames." 

The  multistage  aspects  of  ignition  in  a  diesel  engine  can  be  ex¬ 
plained  if  we  take  into  consideration  the  possibility  of  liquid-phase 
oxidation  of  drops  of  atomized  fuel.  In  this  case  the  preflame  pi^- 
oesses  taking  place  within  the  combustion  chamber  of  the  diesel  engine 
can  be  pi'esented  in  the  form  of  the  following  basic  reactions  (Table 
18). 

We  can  see  from  Table  l8  that  the  autoignition  of  atomized  liquid 
fuel  takes  place  in  three  stages. 

The  first  stage  occupies  the  time  Internal  from  the  Instant  of 
fuel  injection  to  the  instant  of  fuel  vaporization.  Slight  liquid-phase 
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TABLE  18 

Basic  Chemical  Reactions  for  Preflame  Fuel  Pre¬ 
paration  in  a  Diesel  Engine 


T  CTaAOH 
cauoBoc- 
DaaueHeBnff 

2<l)a30Boe 

COCTOHHIie 

Ton.inBa 

1  3  OeuoBHtae  peaKuns 

4  □poAOJi>Kenmi  Aena 

c  DupowAonnoro 
paaBOTBJiaBBs 

6  l-g 

9M{nAKoe 

R+0,  -  ROd 
ro6+rh-»rooh+r 

R00H-»Rd+6H 

7  2-a 

IQ - 

naponoe 

ROOH-^Rd+dH 

dH+RH->R+H,0 

Rd+RH-»R+R'CHO 

RCH0+0,-»U'C6+ 

+H6, 

CH,0+0,-*HCd-}- 

+H6i 

8  3-Ji 

napoBoe 

Rd  -*  R'CH,0  -4  R»+CH,0 
R'C5+RH-+R'CH0-fil 
R06-»R'd+R''CH0 

l)  Autoignition  stage;  2)  fuel  phase;  3)  basic 
reactions;  4)  continuation  of  chain;  5)  degene¬ 
rate  branching;  6)  first;  7)  second;  o)  third; 

9)  liquid;  10)  vapor. 

oxidation  of  fuel  drops  takes  place  during  this  stage.  Hydrogen  perox¬ 
ide  is  the  substance  which  causes  the  degenerate  branching  of  the 
cliain  oxidation  reaction. 

The  second  stags  of  the  process  begins  at  the  Instant  of  fuel  va¬ 
porization  and  continues  to  the  Instant  of  intensive  destruction  of 
the  peroxide  compounds  formed  during  the  oxidation  of  the  fuel  In  the 
liquid  phase. 

This  Instant  of  intensive  decomposition  of  the  peroxides  and  the 
formation  of  a  high  concentration  of  radicals  is  commonly,  apparently, 
associated  with  the  appearance  of  the  cold  flame.  The  latter  may  serve 
as  an  Indication  of  the  completion  of  this  stage.  During  the  second 
stage  a  small  quantity  of  aldel^»des  is  formed,  and  these  determine  the 
subsequent  degenerate  branching  of  the  chain  oxidation  reaction  in 
this  stage. 

The  third  stage  begins  at  the  Instasit  that  the  cold  flame  apr  .ar 
and  lasts  until  the  Instant  of  the  appeai'^mce  of  a  hot  flame.  Th*  :  . 
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tensive  oxidation  reactions,  with  the  branching  of  the  chains  through 
the  aldehydes,  continue  during  this  stage. 

Consequently,  the  multistage'  aspects  of  the  autoignition  process 
in  the  diesel  engine  are  attributable  to  the  stage  of  the  liquid-phase 
oxidation  of  the  drops  of  atomized  fuel.  In  those  cases  in  which  this 
stage  plays  an  insignificant  role,  i.e.,  for  exainple  with  extremely 
high  fineness  of  atomization  or  at  an  extremely  high  compressed-air 
temperature  and  low  pressure,  in  which  case  the  fuel  drops  vaporize 
at  a  high  rate,  single-stage  ignition  is  possible.  The  transition  of 
the  autoignition  of  atomized  fuel  from  multistage  to  single-stage  pro¬ 
cesses  was  observed,  for  example.,  in  Reference  [10]. 

The  autoignition  of  a  fuel  in  a  diesel  engine  differs  in  nature 
-from  the  autoignition  in  a  spark -ignition  engine.  In  the  case  of  fuel 
autoignition  in  a  spark -ignition  engine  we  note  the  appearance  of  com¬ 
pression  waves  and  the  appearance  of  "detonation"  combustion.  In  the 
case  of  a  diesel  engine,  the  autoignition  of  the  fuel  does  not  exhibit 
this  "detonation"  feature.  The  knocking  which  occurs  in  a  diesel  en¬ 
gine  at  high  "hardness"  of  operation,  is  superficially  different  from 
detonation  (knocking)  in  spark -ignition  engines.  In  the  case  of  deton¬ 
ation  (knocking)  there  is  a  drop  in  power,  exhaust  smoke,  an  increase 
in  the  specific  fuel  consumption,  and  overheating  of  individual  points 
of  the  combustion  chamber.  Knocking  in  diesel  engines,  on  the  other 
hand,  is  accompanied  by  an  increase  in  power  and  a  reduction  In  the 
speci.flc  fuel  consumption  as  a  result  of  the  greater  "hardness"  of  en¬ 
gine  operation.  In  the  case  of  engine  operation  with  knocking,  nc  local 
overheating  of  component  parts  is  observed. 

Reference  [11]  the  distinction  between  the  autoi^ltion  pro¬ 
cesses  in  diesel  and  spark -ignition  engines  was  demonstrated  by  uti¬ 
lisation  of  a  method  of  motion -picture  recording  of  the  propagatA^on  of 
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a  flame  In  the  cylinder  of  a  diesel  engine  as  well  as  in  the  cylinder 
of  a  spark-ignition  engine.  With  autoignition  in  a  diesel  engine  no 
shock  waves  were  observed,  whereas  these  are  characteristic  of  auto- 
ignltlon  in  a  spark-ignition  engine.  Autoignition  in  the  diesel  engine 
was  accompanied  by  the  appearance  of  a  great  quantity  of  initial  flame 
foci  from  which  the  flame  propagated  through  the  entire  fresh  ffiixtui*e 
at  great  speed. 

We  pointed  out  earlier  that  one  of  the  means  of  increasing  engine 

efficiency  is  to  increase  the  quantity  of  fuel  consumed  as  a  result  of 

autoignition.  As  we  shall  see,  because  of  certain  factors  the  quantity 

of  fuel  that  can  be  consumed  in  engines  as  a  result  of  autoignition  is 

limited.  In  diesel  engines  this  limitation  is  associated  with  the  per- 

* 

mlsslble  rate  in  the  pressure  rise.  The  preflame  reactions  taking  place 

in  a  diesel  engine  are  not  factors  which  limit  the  quantity  of  fuel 

that  can  be  consumed  as  a  result  of  autoignition. 

FEATUBES  IN  THE  COMBUSTION  Ol'  Pm  IN  ENGINES  OPERATING  ACCOHOINQ  TO 
THE  "M-PROCESS" 

Until  recently,  designers  ascribed  a  decisive  role  to  laixture  for¬ 
mation  during  the  combustion  process  in  their  develoi»rent  of  diesel  en¬ 
gines.  Ixt  was  assumed  that  in  order  to  attain  the  greatest  econosQ?,  as 
well  as  noiseless  and  smoke -free  exhaust  operation  of  the  diesel  en¬ 
gine,  rather  fine  atomisation  of  the  fuel  and  uniform  fuel  distribution 
In  the  combustion  chamber  are  required.  However,  the  investigations 
carried  out  in  this  dirootion  luvvo  shorn  ttet  to  attalii  the  rapid  mix¬ 
ing  of  fuel  with  air  and  ’inifom  distribution  of  the  fuel -air  mixture 
In  the  combustion  ohaaSber,  conversely,  fesults  in  a  pronounced  Inten¬ 
sification  of  ‘‘knock**  in  the  engine*  as  well  as  in  the  poor  utilisation 
of  the  air  and  tJie  appeara^ice  of.  exJmust  ssysklng  l?.!i  all  re¬ 

gimes  [12-151* 

**  15^  —  ■ 


I 

Moyrer  [sic]  [13-151  adopts  an  entirely  different  approach  to  the  ^ 
achievement  of  the  combustion  process  in  a  diesel  engine.  I 

The  basic  feature  of  this  method  of  carrying  out  the  combustion  [ 
process  involves  the  fact  that  the  fuel  is  injected  by  means  of  a  r 

V 

speolal  two-orifloe  spray  nozzle  which  atomizes  a  small  quantity  of 
the  fuel  (5^)  into  heated  air,  and  injects  a  greater  portion  of  the  [ 

fuel  against  the  wall  of  a  hemispherical  combustion  chamber  in  the 
piston.  The  fuel  is  distributed  over  the  surface  of  the  combustion  ! 

chamber  in  the  form  of  a  liquid  film  having  a  thickness  of  -»  12  p..  ■ 

The  bottom  plate  of  the  combustion  chamber  is  intensively  cooled  with  ■ 
oil  so  that  the  temperature  of  the  wall  against  which  the  fuel  is 
sprayed  does  not  exceed  340°.  That  portion  of  the  fuel  (5^)  atomized  ' 

in  hea  ed  air  ignites  and  serves  as  the  ignition  flame  for  the  remain¬ 
ing  portion  of  the  fuel  which  vaporizes  from  the  wall  of  the  combus¬ 
tion  chamber. 

The  described  method  of  combustion  has  been  designated  as  the 
"M-process."  Engines  operating  in  accordance  with  the  “M-process”  were 
first  produced  by  the  MAN  Company,  and  then  by  others;  It  turned  out 
that  these  engines  exhibited  high  economy," operating  noiselessly 
("whispering"  engines)  and  with  limited  exhaust  smoke.  A  unique  and 
particularly  important  advantage,  from  a  practical  standpoint^  of  this 
engine  is  its  "omniverous  nature";  it  functions  equally  well  on  diesel 
fuel  and  on  gasolines. 

These  features  of  fuel  combustion  in  an  engine  operating  according 
to  the  "M-process"  are  a  result  of  the  sharp  reduction  in  the  quantity 
of  fuel  consumed  as  a  result  of  autoignition. 

Proceeding  from  the  general  considerations,  we  spoke  above  of  the 
feasibility  of  reducing  the  quantity  of  fuel  which  enters  the  combus¬ 
tion  chamber  to  the  instant  of  ignition.  However,  in  the  general  exe- 
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cutlon  of  the  combustion  process  in  a  diesel  engine  the  time  for  the 
ignition  of  the  basic  fuel  mass  is  reduced,  and  this  results  in  sub¬ 
stantial  incompleteness  “of"  fuel “combust  ion. 

* 

In  the  "M-process”  a  small  portion  of  the  fuel  being  ignited  is 
injected  simultaneously  with  the  basic  fuel  mass,  and  this  does  not 
reduce  the  time  required  for  the  combustion  of  the  basic  fuel  mass. 

The  thin  film  of  fuel  on  the  surface  of  the  combustion  chamber  is 
subject  to  intensive  liquid-phase  oxidation.  Favorable  conditions  for 
liquid -phase  oxidation  prevail,  first  of  all,  because  of  the  lower 
volatility  of  the  fuel  film  in  comparison  with  the  volatility  of  the 
atomized  fuel  and,  secondly,  the  metallic  wall  of  the  combustion  cham¬ 
ber  exerts  a  catalytic  effect,  accelerating  the  oxidation  process. 

Under  these  conditions,  even  fuels  that  vary  in  terms  of  molecular 
structure  undergo  rather  intensive  oxidation. 

The  oxidized  fuel  film  gradually  vaporizes.  The  fuel  (combustible) 
vapors  that  are  formed  are  Ignited  by  the  flame  of  the  ignited  fuel. 
Subsequently,  the  mixture  is  consumed  primarily  as  a  result  of  the  pro¬ 
pagation  of  the  flame  from  the  ignition  source.  Fuels  with  various  mo¬ 
lecular  structures  have  no  significant  effect  on  the  combustion  process 
under  these  conditions. 

FUEL  COr^USTION  IN  SPARK -IGNITION  ENGINES 

Thei'e  are  two  types  of  engines  with  spark  ignition  —  with  internal 
mixture  formation  (direct -injection  engines)  and  with  external  mixture 
foimtion  (carburetor  engines). 

Mixture  foitnatlon  through  the  direct  injection  of  fuel  is  accom¬ 
plished  by  means  of  a  multi-section  (in  terms  of  the  number  of  cylin¬ 
ders)  pump.  The  fuel  is  injected  cither  Into  the  engine  cylinder  or 
into  a  special  antechamber  or  fuel  collector  from  whoiKi  it  is  drav.»n 
into  the  er*slne  cylinder.  This  type  of  engine  was  used  only  on  a  lit.  . 


ed  scale  because  of  its  great  complexity  and  high  cost  in  comparison. - 
with  carburetor  engines. 

In  engines  with  external  mixture  formation  the  fuel  is  atomized 
by  the  carburetor.  In  contemporary  engines,  the  rate  of  air  flow 
through  the  carburetor  diffuser  attains  150  m/see  with  a  pressure  dif¬ 
ference  (the  difference  in  pressure  between  atmospheric  and  the  pres¬ 
sure  in  the  diffuser)  of  up  to  0.2  kg/cm^. 

The  atomized  fuel  leaves  the  carburetor 
and  enters  the  Ignition  collector  which  has 
been  heated  from  the  outside  by  the  exhaust 
gases,  and  up  to  60-80^  of  the  fuel  is  vapor¬ 
ized  here.  That  portion  of  the  fuel  which  did 
not  vaporize  enters  the  engine  cylinders  in 
the  form  of  a  film  and  vaporizes  in  the  cy¬ 
linders.  The  mixture  of  fuel  vapors  with  air 
is  compressed  by  a  piston  and  as  the  piston 
reaches  a  position  20-30°  before  top  center 
(the  crank-angle  ignition  lag),  a  spark  Jumps 
across  the  electrodes  of  the  sparkplug  and 
the  mixture  is  Ignited. 

A  typical  diagram  of  the  change  in  pres¬ 
sure  and  temperature  in  the  cylinder  of  a 
spark -ignition  engine  as  fuel  is  being  burned  up  is  presented  in  Pig. 

42  (the  QAZ-51  engine).  According  to  the  indicator  diagram,  the  combus¬ 
tion  of  the  fuel  in  the  spark-ignition  engine  is  generally  divided  into 
three  stages. 

The  fir. St  stage  -  the  ignition  lag  begins  frcwn  the  Instant  of 
spark  appearance  in  the  sparkplug  (point  1,  Fig.  42)  and  ceases  at  the 


Pig.  42.  Diagram  show¬ 
ing  change  in  pressure 
P  and  temperature  T  in 
spark-ignition  engine 
as  a  function  of  the 
angle  of  crankshaft 
rotation  [9].  1)  In¬ 
stant  of  ignition j  2) 
top  dead  center. 


instant  that  there  appeai*s  a  pronounced  increase  In  pressure.  The  ini- 


tlal  combustion  focus  forms  during  this  stage,  and  this  corresponds  to 
the  combustion  of  6-8^,  by  volume,  of  the  mixture.  Therefore  the  igni¬ 
tion  lag  in  this  case  is  composed  of  an  induction  period  of  ignition 
and  the. time  required  for  the  formation  of  the  initial  combustion 
focus. 

Unlike  a  diesel  engine,  the  ignition  lag  in  a  spark-ignition  en¬ 
gine  is  not  directly  associated  with  the  rate  of  pressure  increase. 

The  second  stage  is  the  stage  of  basic  heat  liberation  from  the ’ 
instant  at  which  the  rise  in  pressure  begins  (point  2,  Fig.  42)  to  the 
instant  at  which  maximum  pressure  is  attained  (point  3,  Fig.  42).  In 
this  stage,  the  flame  is  propagated  almost  throughout  the  entire  vo¬ 
lume  of  the  mixture  at  a  rate  of  15-40  m/sec.  The  rate  of  fuel  combus¬ 
tion  during  this  stage  is  a  function  of  the  compression  ratio,  of  the 
crank -angle  ignition  lag,  the  composition  of  the  mixture,  and  similar 
factors  (the  shape  of  the  combustion  chamber,  the  disposition  of  the 
sparkplugs,  the  intensity  of  vortex  formation,  etc.). 

The  third  stage  is  the  stage  of  complete  combustion  at  the  expan- 
Sion  line  (points  3  and  4,  Fig.  42). 

Conditions  for  the  Most  Economical  Establishment  of  the  Combustion 
Process  in  a  Spark-tgnitlon  Engine  — 

The  economy  of  a  spark-ignition  engine.  Just  as  of  a  diesel  en¬ 
gine,  can  be  evaluated  in  terms  of  the  specific  fuel  consumption  g^: 


(2) 


where  o  Lq  +  (1/m^)  is  the  number  of  kg -mole  of  the  fuel  (combustible) 
mixture  per  1  kg  of  fuel  (propellant). 

The  remaining  Indicators  are  the  same  as  in  Formula  (1).  In  this 
equation  Is  also  the  basic  indicator  which  is  a  function  of  combus- 


p  tmenent>  ciKomu*  i 

Fig.  43.  Effect  of  compression  ra¬ 
tio  on  specific  fuel  consumption  for 
various  carburetor  settings  [37]* 
a)  Power  setting;  B)  economical  set¬ 
ting;  -  2000  rpm;  x  —  x  -  x  4500 

rpm;  1)  Specific  fuel  consumption, 
g/hp*hr;  2)  compression  ratio. 


For  an  engine  with  a  spark  ignition  the  conditions  of  maximum 
economy  formulated  earlier  for  a  diesel  engine  remain  valid,  i.e. : 

1 )  the  ignition  of  the  fuel  with  a  specified  ignition  lag  must  take 
place  close  to  top  center;  2)  during  the  second  stage  the  rate  of 
pressure  Increase  must  be  the  maximum  permitted  by  the  design  of  the 
engine. 

It  is  easy  to  achieve  the  first  condition  in  a  spark-ignition  en¬ 
gine  by  making  the  appropriate  ignition  settings  and  by  employing  regu¬ 
lators  that  automatically  establish  the  optimum  value  for  the  crank- 
angle  ignition  lag  as  a  function  of  the  composition  of  the  mixture. 

The  situation  is  somewhat  different  in  the  case  of  the  second 
condition. 

The  basic  design  parameter  affecting  the  rate  of  pressure  increase 
is  the  compression  ratio.  In  contemporary  engines,  for  a  compression 
ratio  of  6. 5-8.0,  the  rate  of  pressure  increase  is  equal  to  1. 1-1.6 

p 

kg/cffl  *deg.  As  we  can  see,  in  an  engine  with  spark  ignition  the  value 


of  the  pressure -Increase  rate  Is  many  times  smaller  than  In  the  case 
of  diesel  engines.  An  Increase  In  the  compression  ratio  makes  It  pos¬ 
sible  substantially  to  Increase  and  correspondingly  It  makes  It 
possible  to  Increase  the  economy  of  the  engine  (Pig.  43).  However,  the 
possibility  of  using  this  method  to  Increase  the  economy  of  a  spark- 
Ignltlon  engine  Is  restricted  by  the  quality  of  the  fuel.  It  turns  out 
that  with  an  Increase  In  the  compression  ratio  above  a  certain  speci¬ 
fied  limit,  constant  for  each  grade  of  fuel,  "knocking"  will  appear  In 
the  engine,  power  will  be  reduced,  the  engine  will  overheat,  and  black 
smoke  will  appear  In  the  spent  gases.  It  was  quickly  established  that 
the  factor  responsible  for  the  origination  of  "knocking"  Is  the  ex¬ 
tremely  rapid  propagation  of  the  flame  In  the  last  part  of  the  charge. 
The  rate  of  flame  propagation  In  the  case  of  Intensive  knocking  cor¬ 
responds  to  a  detonation  or  explosion  wave  (^  2000  m/sec). 

Detonation  Propagation  of  Flame 

In  1881,  a  number  of  Investigators,  studying  the  propagation  of  a 
flame  In  gaseous  mixtures  contained  In  cylindrical  tubes  (Mallard, 

Le  Chateller  [16],  Berthelot,  Vlellle  [173)  observed  an  interesting 
phenomenon. 

The  first  Instaiit  after  the  ignition  of  the  mixture,  the  flame 
slowly  propagates  through  the  tube  and  then  the  rate  of  this  propaga¬ 
tion  increases  to  extremely  high  values  which  subsequently  do  not 
change.  The  maximum  rate  at  which  the  flame  Is  propagated  was  constant 
for  each  gas  mixture  and  attained  150O-35OO  m/sec.  This  phenomenon  of 
flame  propagation  at  such  a  fast  speed  was  designated  as  "detonation" 
or  "detonation  propagation"  of  a  flame.  Subsequent  research  made  it 
possible  to  establish  a  number  of  specific  features  of  this  phenomenon. 
For  example,  detonation  propagation  of  a  flame  was  observed  only  in 


mixtures  characterized  by  a  high  normal  rate  of  flame  propagation. 


TABLE  19 

Concentration  Limits  for  Propagation  of  Detona¬ 
tion  at  Initial  Pressure  of  1  atm  and  Room  Tem¬ 
perature  [20] 
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1)  Mixture;  2)  content  of  fuel  (combustible)  in 
oxidizer,  3)  lower  limit;  4)  upper  limit;  5) 
rate  of  detonation,  m/sec;  6)  at  lower  limit; 

7)  at  upper  limit;  8)  -  air;  9)  CO  ~  Og  (dry); 

10)  CO  -  Og  (moist);  11)  (CO  +  Hg)  -  air;  12) 

Cg  -  air;  13 )  Cg  Hg  -  air;  14)  (Cg  H^)  0  [sic] 
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rate  of  detonation  changed  with  a  change  in  the  composition  of  the  mix¬ 
ture.  Limit  values  for  the  composition  of  the  mixture  were  noted,  and 
above  or  below  these  limits  the  mixture  did  not  detonate  (Table  19). 
Here  the  concentration  limits  of  detonation  or  the  "detonation  bound¬ 
aries"  were  narrower  than  the  ignition  boundaries.  The  rate  of  detona¬ 
tion  went  virtually  unchanged  with  a  change  in  the  tube  diameter  (if 
it  is  greater  than  some  small  value),  nor  did  it  change  as  a  result  of 
a  change  in  the  curvature  of  the  tubes,  the  initial  pressure,  the  tem¬ 
perature  of  the  mixture,  or  the  conditions  prevailing  behind  the  front. 

*  The  very  first  investigators  of  the  phenomenon  of  detonation 
offered  a  valid  explanation  for  it  [I6,  18]. 

The  detonation  wave  was  regarded  as  a  shock  wave  in  which  a  rather 
high  temperature  develops,  leading  to  the  autoignition  of  the  adjacent 
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mixture  layers.  Proceeding  from  this  concept  of  the  nature  of  detona¬ 
tion,  the  Investigators  developed  the  fundamentals  of  the  theory  of 
detonation,  referred  to  as  hydrodynamics  [16,  I9,  20]. 

Using  this  theory,  the  Investigators  calculated  the  detonation 
rates  for  gas  mixtures  In  tubes  aind  found  that  these  agreed  well  with 
the  experimentally  determined  values.  The  agreement  of  the  theoreti¬ 
cally  calculated  and  experimental  values  for  the  detonation  rate 
confirms  the  validity  of  the  concepts  on  which  the  hydrodynamic  theory 
of  detonation  Is  founded. 

The  hydrodynamic  theory  of  detonation  presupposes  the  following 
mechanism  for  the  formation  of  a  powerful  shock  wave  In  the  propaga¬ 
tion  of  a  flame  In  tubes.  The  combustion  of  a  gas  Is  accompanied  by 
the  expansion  of  the  products'  of  combustion  which  act  on  the  flame 
front,  accelerating  Its  propagation.  With  each  small  acceleration  of 
the  motion  of  the  flame,  a  weak  compression  wave  moves  away  from  the 
flame  front.  In  this  case,  each  subsequent  compression  wave  moves  at  a 
velocity  greater  than  the  velocity  of  the  preceding  wave,  and  this 
Is  due  to  the  heating  of  the  medium  by  the  preceding  wave;  Therefore 
the  second  wave  overtakes  the  first  wave.  As  a  result,  at  some  dis¬ 
tance  from  the  point  of  Ignition  the  waves  merge  Into  a  powerful  shock 
wave  resulting  In  the  detonation  of  the  mixture.  The  distance  L  from 
the  point  of  mixture  Ignition  In  the  tube  to  the  point  of  detonation 
can  serve  as  a  measure  for  the  evaluation  of  the  tendency  of  various 
gas  mixtures  to  detonate.  Tables  20  and  21  present  data  on  changes  In 
L  as  a  function  of  the  chemical  composition  of  the  mixture,  the  Initial 
pressure,  and  the  temperature  of  the  mixture. 

Frcmi  Tables  20  and  21  we  can  see  that  the  parameter  L  Is  more  sen¬ 
sitive  to  changes  in  the  initial  conditions  In  the  detonating  mixture 
as  well  as  to  changes  In  the  chemical  composition  of  the  detonati.ng 


TABLE  20 

Effect  of  Pressure  on  Distance  .from  Point 
of  Ignition  to.  Point  of  Detonation  in  Var 
ious  Mixtures  [2l] 
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1)  Mixture;  2)  distance  in  cm,  at  pressures 
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TABLE  21 

Effect  of  Initial  Temperature  on  Distance 
from  Point  of  Ignition  to  Point  of  Detona¬ 
tion  [22] 
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1)  Mixture;  2)  initial  temperature,  ^G;  • 

3)  in  a  meter-long  tube  there  is  no  deton¬ 
ation. 

mixture  than  is  the  rate  of  detonation.  With  an  increase  in  the  temper 
ature  of  the  mixture^L  increases  and  with  an  increase  in  pressure^  L 
diminishes.  The  parameter  L  increases  with  an  increase  in  the  diameter 
of  the  tube  and  diminishes  with  an  increase  in  the  degree  of  tube -wall 
roughness. 

Flame  acceleration  in  the  predetonation  can  be  brought  about  not 
only  through  the  influence  of  the  '‘ejecting"  effect  of  the  expanding 


products  of  combustion  on  the  flame  front.  For  example,  K. I.  Shchelkln 
ascribes  the  dominant  role  here  to  the  "turbullsatlon”  of  the  flame 
front,  as  a  result  of  which  there  Is  a  pronounced  Increase  In  the  rate 
of  flame  propagation,  which  in  turn  Increases  the  degree  of  turbulence 
[233. 

In  addition  to  the  phenomenon  of  detonation  flame  propagation  ex¬ 
amined  above,  we  encounter  special  cases  of  detonation.  For  example. 

In  hard-to-detonate  mixtures  or  In  mixtures  close  In  terms  of  composi¬ 
tion  to  the  limit,  we  encounter  the  phenomenon  of  detonation  spin  [24, 
25].  The  phenomenon  of  vibration  combustion,  generally  preceding  deton¬ 
ation,  can  be  assigned  to  the  case  of  a  weakly  expressed  detonation. 

The  above -described  phenomenon  of  detonation  Is  observed  In  the 
propagation  of  a  flame  through  uniform  gas  mixtures  in  long  smooth 
tubes  and  characterized  by  a  high  normal  rate  of  flaune  propagation. 
Detonation  Combustion  In  a  Spark-Ignltlon  Engine 

The  investigations  that  have  been  carried  out  In  order  to  clarify 
the  factors  responsible  for  the  origination  of  detonation  combustion 
In  spark-lgnltlon  engines  resulted  In  the  establishment  of  a  definite 
link  between  the  chemical  structure  of  the  fuel  molecules  and  the  ap¬ 
pearance  of  "knocking. "  The  operation  of  an  engine  with  a  variable  com¬ 
pression  ratio  on  n-paraffinlc  (n-heptane)  and  Isoparafflnic  (Isoootane) 
hydrocarbons,  detonation  combustion  takes  place  in  the  first  case  at  a 
low  compression  ratio,  and  In  the  second  case  at  a  substantially  higher 
compression  ratio.  It  was  found  that  the  addition  of  a  small  quantity 
of  certain  substances  (antiknock  additives)  prevents  the  occurrence  of 
"knocking,"  and  the  addition  of  other  substances  (peroxides)  enhances 
the  occurrence  of  "knocking."  The  use  of  photographic  recording  methods 
showed  that  'loiocking"  occurs  as  a  result  of  autolgnltion  and  the  In¬ 
stantaneous  detonation  combustion  of  the  last  part  of  the  fuel  charge 


entering  the  combustion  chamber.  These  investigation  results  led 
to  the  conclusion  that  the  factors  responsible  for  the  appearance  of 
detonation  combustion  in  spark -ignition  engines  should  be  sought  in  the 
features  of  the  preflame  chemical  reactions  tadcing  place  in  the  last 
part  of  the  fuel -air -mixture  charge. 

The  first  detonation  theories  proceeded  from  the  known  experimen¬ 
tal  fact  that  the  addition  of  a  peroxide  reduces  the  magnitude  of  the 
compression  ratio  at  which  "knocking"  takes  place,  and  these  theories 
associated  the  occurrence  of  detonation  (knocking)  with  the  explosive 
decomposition  of  the  peroxides  formed  in  the  oxidation  of  the  fuel  in 
the  combustion  chamber  of  the  engine.  Subsequently,  with  the  develop¬ 
ment  of  the  theory  of  chain  reactions  and  investigations  of  oxidation 
and  ignition  of  hydrocarbon-air  mixtures,  the  peroxide  theory  of  deton¬ 
ation  underwent  further  development.  The  works  of  A.S,  Sokollk,  M.B. 
Neyman,  and  other  investigators  demonstrated  that  the  occurrence  of  de¬ 
tonation  in  a  spark-ignition  engine  is  associated  with  the  multistage 
aspects  of  the  Ignition  of  hydrocarbon-air  mixtures  [26-28]. 

The  most  logically  evolved  theory  of  detonation  was  proposed  by 
A.S.  Sokollk  [29].  According  to  this  theory,  a  detonation  wave  comes 
into  being  in  an  engine  as  a  result  of  the  foimation  of  a  high  concen¬ 
tration  of  active  particles  -  radicals  and  atoms  “  in  the  volume  of  the 
mixture  which  bums  during  the  last  stage  (the  last  portion  of  the 
charge),  and  this  results  in  the  lnstantsu%eous  autoignition  of  this 
volume  of  the  mixture. 

The  autoignition  of  the  last  portion  of  the  fuel -air -mixture  char¬ 
ge  takes  place  in  three  stages,  in  accordance  with  the  chaiige  in  the 
temperature  of  the  mixture.  The  first  stage  begins  at  the  instant  of 
mixture  ignition  by  means  of  a  spark  and  concludes  with  the  appearance 
of  the  primary  cold  flame  in  the  unconsumed  portion  of  the  mixture. 
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The  formation  of  the  cold  flame  In  this  stage  Is  associated  with  the 
explosive  decomposition  of  the  accumulated  peroxides  In  the  mixture* 

As  a  result  of  the  propagation  of  the  cold  flame,  5-10J6  of  the  mixture 
reacts  and  forms  a  large  quantity  of  highly  active  compounds  -  perox¬ 
ides,  aldehydes,  and  radicals.  After  a  certain  Interval  of  time  subse¬ 
quent  to  the  appearance  of  the  primary  cold  flame  in  the  mixture,  a 
secondary  cold  flame  appears  (the  second  stage).  As  a  result  of  the 
propagation  of  the  secondary  cold  flame  of  the  unconsumed  mix¬ 

ture  reacts.  The  temperature  of  the  mixture  rises.  The  concentration 
of  CO  and  of  active  particles  Increases  in  the  mixture,  and  this  re¬ 
sults  In  the  appearance  of  a  hot  flame  and  the  Instantaneous  combus¬ 
tion  of  the  CO  and  the  vinconsumed  volume  of  the  mixture,  which  is  equl 
valent  to  the  frrmatlon  of  a  detonation  wave  (third  stage). 

Prom  the  standpoint  of  the  concepts  that  we  discussed  above  with 
respect  to  the  features  encountered  In  the  course  of  the  preflame  re¬ 
actions  In  hydrocarbon -air  mixtures,  there  exists  the  possibility  of 
providing  yet  another  explanation  of  the  factors  responsible  for  the 
occurrence  of  detonation  combustion  In  spark -Ignition  engines.  ♦ 

The  fuel-air  mixture  entering  the  spark-ignitlor.  engine  cylinder 
Is  compressed  during  the  c<»Qpre88ion  stroke.  At  the  end  of  this  com¬ 
pression  stroke  the  temperature  and  pressure  of  the  mixture  Inci^ase. 
After  i^ltlon  of  the  mixture  by  means  of  a  spark  and  the  consumption 
of  a  part  of  the  mixture,  the  unconsumed  part  of  the  mixture  Is  sub¬ 
jected  to  further  compression  and  a  rise  in  temperature.  Depending  on 
the  temperature  and  pressure  within  this  portion  of  the  mixture,  pre- 
fliutte  reactions  take  place  and  these  correspond  to  the  reactions  of 
the  low -temperature  and  transition  autoigfiltlon  sones. 

As  was  toentloned  earlier,  the  pre flame  reactions  taking  place 
under  the  conditions  prevailing  in  the  transition  autolgnltlon  cone 


are  self -oscillatory  and  are  accompanied  by  the  periodic  liberation  of 
heat  as  a  result  of  which  compression  waves  arise* 

Under  certain  conditions  compression  waves  can  accelerate  them¬ 
selves  and  form  a  detonation  wave. 

The  speed  of  cooipreseion-wave  propagation  is  associated  with  the 
rate  of  the  exothermic  reactions  taking  place  within  the  wave.  At  a 
certain  critical  value  (»f  the  chemical -reaction  rate  (Wj^)  the  compres¬ 
sion  waves  begin  to  propagate  with  an  acceleration  which  results  in 
the  progressive  Increase  in  the  quantity  of  heat  liberated  within  the 
wave.  ‘This  Increase  in  the  heat  liberated  within  the  wave  continues 
until  autolgnltlon  of  the  fuel-a3j?  mixture  in  the  wave  t^es  place, 
after  which  the  formed  detonation  wave  is  propagated  at  a  constant 
speed. 

The  reaction  time  for  the  fuel -air  mixture  in  the  wave  is  an  ex¬ 
tremely  small  quantity.  Given  this  limited  reaction  time,  the  rate  of 
tlie  reaction  is  a  function  of  the  rate  of  mutual  diffusion  between  the 
reacting  molecules. 

A  necessary  condition  for  the  exothermic  chain  reaction  of  fuel- 
molecule  oxidation  to  take  place  is  the  reaction  of  the  interaction 
between  the  hydrocarbon  radicals  R  with  the  oxygen  imjleoule,  and  tliis 
results  in  the  formation  of  the  peroxide  radical  R06.  We  can  expect 
tiiat  the  probability  of  collisions  between  hydrocarbon  radicals  and 
oxygen  molecules  In  the  wave  wi?.!  be  at  a  minimum  and  that  it  will  de¬ 
termine  the  total  rate  of  the  reaction* 

The  rate  (W)  of  the  reaction  R  +  0«  -♦  ROO  can  be  calculated  in  ac- 
cordance  with  the  following  equation: 

where  [r]  and  C0„3  are,  respectively,  the  concentraticm  of  the  hydro- 


carbon  radicals  and  oxygen  molecules j  R  Is  the  gas  constant;  Z  is  the 
number  of  double  collisions;  S  is  the  spatial  (steric)  factor  which 
determines  the  probability  of  bimolecular  collisions,  as  a  result  of 
which  the  reaction  takes  place;  E  is  the  energy  of  activation  for  the 
reaction  under  consideration  —  a  magnitude  not  exceeding  several  kcal/ 
mole. 

With  such  small  values  for  the  energy  of  activation  and  given  the 
high  temperature  of  the  mixture  in  the  wave  (T)  the  value  of  the  term 
exp  (-E/^T)  is  close  to  unity  and  the  rate  of  the  reaction  will  be  a 
function  primarily  of  the  magnitude  of  the  steric  factor  S  and  the  con¬ 
centrations  participating  in  the  reaction  of  these  substances. 

Consequently,  the  total  rate  of  the  exotheimic  reaction  in  the 
wave  will  attain  a  critical  value  of  Wj^  which  will  result  in  the  self- 
acceleration  of  the  compression  waves  at  a  fully  determined  value  of 
the  steric  factor  and  the  concentration  of  ft  and  Og* 

There  are  two  conditions  which  when  satisfied  within  a  spark-igni¬ 
tion  engine  will  result  in  the  appearance  of  detonation  combustion.  **^6 
first  condition  is  the  one  which  states  that  proflame  reactions  oorres- 
pondlixg  to  the  reactions  of  the  transition  autolgaitlon  sons  must  take 
place  in  the  fuel-air  mixture;  the  second  condition  stipulates  that  the 
total  rate  of  the  exothermic  preflame  reactions  must  exceed  a  certain 
critical  value. 

The  first  and  the  second  condition  can  begin  to  be  satisfied  only 
if  the  temperature  and  pressure  of  uhe  mixture  attain  definite  limit r.. 
The  limit  values  for  the  temperature  and  pressus*©  of  the  fuel-air  mix¬ 
ture  {in  order  to  satisfy  the  first  condition)  are  governed  by  the 
boundaries  of  the  transition  autoignition  cone  and  in  order  to  satisfy 
the  second  condition  the  aforementioned  limit  values  are  governed  by 
the  corresponding  values  of  the  steric  factor  and  the  concentrations 


of  hydrocarbon  radicals  and  oxygen. 

Depending  on  the  compression  ratio  of  a  spark-ignition  engine., 
the  state  of  the  fuel-air  mixture  is  characterized  by  definite  tem¬ 
perature  and  pressure  values.  With  a  higher  dorapression  ratio 
and,  consequently,  with  an  increase  in  the  temperature  and  pressure 
of  the  mixture  at  the  end  of  the  compression  stroke,  the  temperature 
and  the  pressure  of  the  last  part  of  the  charge  are  correspondingly 
increased.  So  long  as  the  compression  ratio  of  the  engine  is  sufficient¬ 
ly  low,  the  preflame  processes  taking  place  in  the  unconsumed  part  of 
the  mixture  take  place  under  conditions  that  correspond  to  the  condi¬ 
tions  prevailing  in  the  low -temperature  autoignition  zone.  In  this 
case,  there  is  either  no  autolgnif  n  or  the  entire  mixture  charge 
burns  up  as  a  result  of  the  propagation  of  the  flame  from  the  ignition 
spark  or  a  small  quantity  of  the  mixture  in  the  last  part  of  the  charge 
burns  as  a  result  of  autoignition,  but  in  this  case  there  is  no  forma¬ 
tion  of  compressions  waves. 

A  subsequent  rise  in  the  compression  ratio  of  the  engine  may  re¬ 
sult  in  the  autoignltlon  of  the  last  part  of  the  mixture  charge  under 
conditions  corresponding  to  the  conditions  prevailing  in  the  transition 
zone  and  it  may  also  result  in  the  appearance  of  weak  compression  waves. 
And,  finally,  at  a  certain  critical  value  of  the  compression  ratio,  the 
pressure  and  temperature  of  the  last  part  of  the  charge  attain  /alues 
at  which  the  second  condition  for  the  occurrence  of  detonation  begins 
to  prevail.  The  autoignition  of  the  last  part  of  the  charge  is  accom¬ 
panied  with  the  self-acceleration  of  the  compression  waves  and  the  ap¬ 
pearance  of  detonat.-’on  waves. 

The  above -discussed  concept  as  to  the  factors  responsible  for  the 
occurrence  of  detonation  (knocking)  in  spark-ignition  engines  makes  it 
possible  to  explain  certain  experimental  facts  which  had  not  as  yet 
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been  satisfactorily  explained. 

The  existence  of  a  relationship  between  the  temperature  coeffi¬ 
cient  of  the  Ignition  lag  (determined  under  the  conditions  prevailing 
In  the  transition  zone)  and  the  detonation  (knocking)  properties  of 
•fuels  becomes  understandable . 

There  Is  an  explanation  of  the  factors  responsible  for  the  sup¬ 
pression  of  detonation  (knocking)  In  the  case  of  intensification  in 
turbulent  mlr^lng,  as  a  result  of  which,  on  the  one  hand,  there  Is  an 
Increase  In  that  portion  of  the  mixture  which  burns  as  a  result  of 
flame  propagation  and,  on  the  other  hand,  there  Is  a  change  In  the 
conditions  under  which  the  preflame  reactions  take  place. 

The  differences  in  the  antiknock  property  of  n-parafflnlc  and 
Isoparafflnlc  hydrocarbons  can  be  explained,  as  can  the  antiknock  and 
’’predetonatlon”  effect  of  such  substances  as  tetraethyllead  and  or¬ 
ganic  peroxide. 

The  n-parafflnlc  hydiHjcarbons  at  high  temperatures  oxidise  more 
easily  and  all  other  conditions  being  equal  higher  concentrations  of 
hydrocarbon  radicals  form  In  these  than  do  in  the  isoparaffins.  At 
the  same  time,  because  of  fewer  cpatlai  difficulties,  the  n-paraf- 
flns  under  comparable  conditions  are  characterized  by  greater  values 
of  the  sterlo  factor  than  are  the  isoparaffins.  These  differences  re¬ 
sult  In  the  fact  that  the  second  condition  for  the  occurrence  of  de¬ 
tonation  is  met  In  n-parafflnic  hydrocarbons  at  a  lower  engine  compres 
slor  ratio. 

The  addition,  to  the  fuel,  of  organic  peroxides  determining  the 
degenerated  branching  of  the  ohaine  during  the  course  of  the  preflame 
reactions  under  the  conditions  prevailing  In  the  low-temperature  zone 
siiarply  increases  the  concentration  of  radicals  and  aldehydes.  There¬ 
fore  the  introduction  of  peroxides  Into  the  fuel  also  satisfies  the 


second  condition  for  the  appearance  of  detonation  at  a  lower  compres¬ 
sion  ratio.  The  addition,  to  the  fuel,  of  tetraethyllead  which  inter¬ 
acts  with  organic  peroxide  correspondingly  makes  it  possible  to  in¬ 
crease  the  compression  ratio  at  which  the  second  condition  for  the 
appearance  of  detonation  (knooking)  is  met. 

In  conclusion  it  should  be  pointed  out  that* if  the  nature  of  the 
preflame  reactions  in  a  diesel  engine  has  no  effect  on  the  economy  of 
the  engine,  then  engine  economy  in  the  case  of  a  spark-ignition  engine, 
as  follows  from  what  has  been  presented  above,  is  to  a  great  extent 
determined  by  the  conditions  under  which  the  preflame  reactions  take 
place,  and  also  by  the  nature  of. these  reactions. 

FUEL  COMBUSTION  IN  AIR -REACTION  ENGINES  (VRD) 

'  “  VRD  (air-reaction  engines)  Can  be  divided  into  compressor  and 
compressorless  on  the  basis  of  the  method  employed  to  supply  air  to 
the  combustion  chambex*. 

The  basic  types  of  VRD  (air-breathing  engines)  which  have  gained 
practical  acceptance  am:  the  turbocompressor  VRD  (TRD)  and  the  direct- 
flow  [ramjet]  (compressorless)  VRD  (PVRD).  Diagrams  of  these  types  of 
engines  are  presented  in  Figs.  44  and  43.  More  detailed  data  can  be 
found  in  Chapter  20. 

In  TRD  (turbojet  engines)  the  air  passes  through  the  diffuser  into 
the  compressor  where  it  is  compressed.  The  pressure  ratio  in  the  com¬ 
pressor  raa;y  reach  values  of  4-8.  From  the  compressor  the  air  enters 
the  combustion  chamber.  By  means  of  a  special  spray  nozzle  (injector) 
fuel  is  also  fed  into  the  coinbustlon  chamber.  The  fuel-air  mixture 
formed  as  a  result  is  ignited  by  means  of  an  electric  sparkplug.  As  a 
result  of  the  combustion  of  the  fuel,  the  temperature  .of  the  gas  in 
the  combustion  chamber  rises.  The  gas  volume  in  the  combustion  cnamber 
is  greater  than  the  volume  of  the  air  compressed  by  the  compressor.  The 


Pig.  44.  Diagram  of  turljo jet  engine A ) 
Combustion  chamber;  D)  diffuser;  K)  com¬ 
pressor;  T)  gas  t\irblne;  B)  nozzle. 


Fig.  45.  Diagram  of  supersonic 
ramjet  VRD.  1)  Diffuser;  2)  Com¬ 
bustion  chamber;  3)  nozzle;  4) 
flameholder;  5)  spray  nozzle 
(injector). 

The  combustion  process  in  TRD  (turbojet  engines)  has  two  features 
The  first  feature  Involves  the  necessity  of  burning  an  extremely  lean 
mixture  (a  »  4.0),  and  this  malces  it  possible  to  provide  for  a  gas  tern 
perature  of  900-950®  at  the  outlet  from  the  combustion  chamber,  with 
this  temperature  adequate  to  assure  reliable  turbine  operation.  The 
second  feature  involves  the  fact  that  it  is  possible  to  achieve  stable 
combustion  in  a  stream  of  air  moving  at  a  velocity  of  40-60  m/sec.  In 
connection  with  these  features,  it  became  necessary  to  develop  special 
combustion  chantoers  for  (turbojet  engines).  Pig  ire  46  shows  a  dia¬ 
gram  of  such  a  combustion  chamber. 

A  combustion  chamber  is  divided  Into  two  zones  -  a  circulation 
zone  and  a  zone  of  complete  combustion.  The  extent  of  the  circulation 
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Pig.  46.  Combustion  chamber  of 
TRD  (turbojet  engine)  with  blade 
swirl  chamber,  iT  Flame  tube;  2) 
outer  chamber;  3)  fuel-nozzle 
ferrule. 

zone  is  appro;dLroately  equal  to  the  diameter  of  the  chamber.  At  the 
forward  end  of  the  circulation  zone  there  is  a  front  unit  (the  fuel- 
nozzle  ferrule).  The  purpose  of  this  fuel-nozzle  ferrule  is  to  sta¬ 
bilize  (anchor)  the  flame.  The  fuel-nozzle  ferrule  is  most  frequently 
made  in  the  fom  of  a  blade  swirl  chamber. 

The  air  entering  the  combustion  chamber  is  divided  into  two  streams 
—  a  primary  and  a  secondary  stream.  The  primary  stream,  making  up  20- 
255^  of  the  total  quantity  of  air,  enters  through  the  front  unit  (the 
fuel-nozzle  ferrule)  Into  the  circulation  zone^  As  a  result,  the  fuel 
is  consiuned  in  the  circulation  zone  at  an  excess  air  ratio  close  to  the 
stoichiometric.  Approximately  505^  of  the  fuel-air  mixture  is  consumed 
in  this  zone.  The  unconsumed  part  of  the  fuel  burns  up  in  the  complete - 
combustion  zone  into  which  the  secondary  air  (75-805^)  passes  through 
openings  in  the  flame  tube.  The  secondary  stream  of  air,  mixing  with 
the  products  of  combustion,  reduces  the  gas  temperature  to  the  levels 
required  to  provide  for  reliable  turbine  operation  (900-950®  at  the 
outlet  from  the  combustion  chamber).  Moreover,  the  secondary  air  cools 
the  walls  of  the  chamber's  flame  tube. 

The  above -described  design  of  the  combustion  chamber  makes  it 
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possible  to  provide  for  stable  fuel  combustion  at  high  air  velocities 
and  a  high  excess  air  ratio  a  exceeding  4.0. 


A  ramjet  VRD  consists  of  an  Inlet  diffuser,  a  fuel  manifold  with 
spray  nozzles  (Injectors),  a  combustion  chamber  with  an  Ignition  device 
and  a  flameholder,  and  an  outlet  (exhaust)  nozzle.  PVRD  (ramjet  en¬ 
gines)  do  not  produce  static  thrust.  To  start  a  PVRD  (ramjet  engine)  a 
definite  velocity  must  be  imparted  to  It,  and  this  is  accomplished  by 
means  of  a  rocket  booster.  The  approaching  air  stream  is  decelerated 
In  the  diffuser  of  the  engine,  and  this  Increases  the  static  pressure 
and  raises  the  temperature  of  the  compressed  air.  The  fuel  is  Injected 
into  the  stream  of  air  through  the  injectors  of  the  fuel  manifold  and 
this  is  generally  done  into  the  approaching  stream.  Unlike  TRD  (turbo¬ 
jet  engines)  PVRD  (ramjet  engines)  have  a  zone  of  mixture  formation 
that  Is  contained  between  the  manifold  and  the  flameholder.  The  fuel- 
alr  mixture  Is  prepared  in  this  zone.  Beyond  the  flameholder  the  fuel- 
alr  mixture  is  Ignited  and  consumed.  The  velocity  of  the  outflowing 
gases  exceeds  the  velocity  of  the  approaching  air  stream.  The  Increment 
In  momentum  obtained  in  this  case  results  in  the  reaction  thrust  of  the 
engine. 

PVRD  (ramjet  engines)  are  most  expediently  employed  at  a  flight 
velocity  substantially  In  excess  of  the  speed  of  sound  (M  =  3-4).  At 
these  flight  velocities,  the  velocity  of  the  stream  of  the  fuel-air 
mixture  through  the  combustion  chamber  of  a  PVRD  attains  100-120  m/sec. 
The  stable  combustion  of  the  fuel -air  mixture  under  these  conditions 
encounters  considerable  difficulties. 

Flame  Stabilization  and  the  Limits  of  Stable  Fuel  Combustion  In  VRD 
IXlr -React Ion  Engines)  — — 

The  high  flow  velocities  of  the  fuel-air  mixture  through  che  com- 

■» 

bustlon  chamber  of  a  VRD  can  cause  the  separation  of  the  flame  thus 


Fig.  47 «  Diagram  of  flame -front 
stabilization  (ajichoring)  at  great 
fuel -air -mixture  flow  velocities. 

a]  With  a  poorly  streamlined  body; 

b)  with  a  blade  swirl  chamber. 

"extinguishing"  the  engine.  To  prevent  the  separation  of  the  flame  or 
to  stabilize  (anchor)  the  flame,  special  devices  referred  to  as  flame - 
holders  can  be  installed  within  the  combustion  chamber. 

A  condition  required  for  the  stablliLatlon  of  a  flame  in  a  VRD 
is  the equality  between  the  velocity  of  flame  propagation  and  the  velo¬ 
city  of  the  motion  of  the  stream  through  the  combustion  chamber. 

In  VRD  (alr-reactlon  engines),  as  well  as  in  other  types  of  con¬ 
tinuous-combustion  engines,  some  portion  of  the  fuel  is  consumed  as  a 
result  of  autoignition.  As  a  result  of  the  flow  turbulence  in  these  en¬ 
gines,  individual  volumes  of  the  cold  fuel -air  mixture  entering  the 
flame  are  surrounded  by  gases  heated  to  a  temperature  greater  than 
autoignltlon  temperature  of  the  mixture.  These  volumes  of  mixture  are 
burned  up,  on  the  one  hand,  as  a  result  of  the  propagation  of  the  flame 
over  their  surfaces,  and  on  the  other  hand,  as  a  result  of  autoignition 
after  the  heating  of  the  mixture  to  a  sufficiently  high  temperature. 
There  seems  to  be  some  competition  between  the  processes  of  flame  pro¬ 
pagation  and  the  autoignition  of  the  mixture.  The  greater  the  portion 
of  fuel  consumed  as  a  result  of  the  autoignltlon  of  the  mixture,  the 
higher  the  rate  of  mixture  combustion  within  the  engine. 

It  is  clear  that  in  order  to  increase  the  rate  of  fuel  combustion 
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to  limits  which  provide  for  stabili¬ 
zation  of  the  flame,  the  portion  of 
fuel  that  is  consumed  as  a  result  of 
autoignltlon  must  be  increased.  Fleime 
stabilization  can  be  achieved  by  pro¬ 
viding  for  hydrodynamic  conditions 
within  the  engine  under  which  the 
flame  would  receive  a  large  quantity 
of  individual  large  volumes  of  the 
fuel -air  mixture.  Such  conditions  can 
be  provided  by  the  positioning  of 
poorly  streamlined  bodies  in  the  way 
of  the  fuel -air  mixture  stream  (Fig. 
47).  The  eddies  formed  in  back  of  the 
poorly  streamlined  bodies  enhance  the 
introduction  of  these  individual  vo¬ 
lumes  of  the  fuel-air  mixture  into  the  zone  of  high -temperature  gases 
and  promote  intensive  heat  transfer  within  these  volumes.  Autoignltlon 
of  the  mixture  volumes  is  a  consequence  of  the  foregoing,  and  this 
phenomenon  takes  place  with  great  rapidity.  A  similar  effect  can  be 
achieved  by  means  of  other  flameholder  designs;  for  example,  use  can 
be  made  of  front  units  (fuel-nozzle  ferrules)  with  blade  swirl  chambers j 
as  used  in  TRD  chambers. 

Confirmation  of  the  above -discussed  concept  with  respect  to  the 
mechanism  of  flame  stabilization  by  means  of  poorly  streamlined  bodies 
and  other  etabilizlng  (anchoring)  devices  is  the  pronounced  relation¬ 
ship  tween  the  limits  of  stable  combustion  in  V1\D  (air-reaction  en¬ 
gines)  (stabilization  limits)  and  the  chemical  composition  of  the  fuel. 
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Fig.  48.  Effect  of  chemical 
composition  of  fuel  on  limits 
of  stable  combustion  under 
conditions  simulating  PVRD. 
Combustion  limits:  1;  Aroma¬ 
tic  hydrocarbons;  2)  naphthe¬ 
nic  hydrocarbons;  3)  n-paraf- 
finic  and  olefinic  hydro¬ 
carbons  . 


A  similar  pronounced  effect,  exerted  by  the  chemical  composition  of  th- 


fuel  on  the  combustion  process,  is  observed  only  In  the  case  of  fuel 
autoignition. 


I 


Figure  48  shows  the  investigational  results  that  we  obtained  in 
studying  the  effect  of  the  chemical  composition  of  the  fuel  on  the 
limits  of  stable  combustion  under  conditions  simulating  those  prevail¬ 
ing  in  ramjet  VRD. 

It  follows  from  these  data  that  at  low  fuel  temperatures,  the  nax- 
imum  limits  of  stable  combustion  are  characteristic  of  the  paraffinic 
liydrocarbons  and  the  lowest  limits  are  characteristic  of  the  aromatic 
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hydrocarbons.  With  an  increase  In  the  fuel  temperature,  the  stabiliza¬ 
tion  limits  for  aromatic  hydrocarbons  Increase,  whereas  in  the  case  of 
paraffinic  and  naphthenic  hydrocarbons  they  diminish  or  remain  constant.  ^ 
The  limits  of  stable  combustion  are  a  characteristic  of  the  fuel's  abi¬ 
lity  to  stabilize  the  flame.  The  wider  the  limits  of  stable  combustion,  ; 
the  better  the .conditions  for  flame  stabilization,  the  more  reliable  ^ 
the  operation  of  the  engine  in  various  regimes. 

The  data  that  we  obtained  indicate  the  great  role  played  by  fuel 
autoignltlon  in  the  combustion  process  in  VRD  (air-reaction  engines).  ^ 
Fuel  autoignition  not  only  determines  combustion  stability  in  the  cir¬ 
culation  zone,  but  it  apparently  also  has  an  effect  on  the  processes 
of  complete  fuel  combustion.  However,  the  role  of  autoignltlon  in  the  ■ 
complete -combustion  zone  during  the  combustion  process  is  substantially 
less  significant  than  It  is  in  the  circulation  zone.  This  is  associated 
with  the  reduced  fresh-mixture  concentration  and  reduced  fresh-mixture 
turbulence  intensity  throughout  the  length  of  the  combustion  chamber. 

Since  fuel  autoignltlon  precedes  the  preflame  oxidation  ;^hich  ^ 

affects  the  velocity  and  nature  of  flame  propagation  in  the  case  of 
autoignltlon,  the  conditions  for  the  pre flame  preparation  of  the  fuel 
in  a  VRD  (air-reaction  engine)  also  exert  Influence  on  the  stablll- 
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zatlon  of  the  flame. 

In  TRD  (turbojet  engines),  the  fuel  is  atomized  and  directed  into 
the  circulation  zorieT' The  "pref lame  processes  take  place  under  condi¬ 
tions  of  moderate  pressure  and  high  temperatures  close  to  the  combus¬ 
tion  temperature.  Under  these  conditions,  the  basic  preflame  reactions 
take  place  in  the  vapor  phase  according  to  a  mechanism  which  corres¬ 
ponds  to  the  high -temperature  stage  of  autolgnitlon.  Large  drops  of 
atomized  fuel  can  also  be  oxidized  in  the  liquid  phase. 

We  can  arrive  at  a  conclusion  as  to  the  effect  exerted  by  the  con¬ 
ditions  of  preflame  preparation  of  fuel  on  the  limits  of  stable  TRD 
(turbojet  engine)  operation  on  the  basis  of  the  results  obtained  in 
tests  carried  out  on  vaporization  chambers  in  which  the  fuel  is  vapor¬ 
ized  in  special  coils  and  enters  the  combustion  chamber  in  vapor  form. 
We  know  that  vaporization  chambers  are  characterized  by  substantially 
more  narrow  limits  of  stable  combustion  than  chambers  operating  on 
atomized  fuel.  The  reduction  in  the  range  of  stable  TRD  (turbojet  en¬ 
gine)  operation  in  this  case  is  a  consequence,  on  the  one  hand,  of  the 
impairment  of  the  conditions  under  which  the  preflame  reactions  take 
place  as  a  result  of  the  elimination  of  the  liquid-phase  fuel  oxidsitlon 
and,  on  the  other  hand,  a  result  of  the  impairment  of  the  conditions 
tha.t  are  favorable  for  the  formation  of  individual  volumes  of  fuel 
which  are  consumed  as  a  result  of  autolgnition.  It  is  of  interest  to 
point  out  that  the  limits  of  stable  combustion  expand  in  these  same 
vaporization  chambers  during  the  preliminary  vaporization  of  the  fuel 
drops  in  an  air  atmosphere  under  conditions  providing;  for  the  liquid- 
phase  oxidation  reactions. 

In  PVRD  (ramjet  engines),  the  fuel  is  atomized  and  dli’ected  into 
air  heated  by  deceleration  in  the  diffuser  to  a  temperature  whoso  sra.^- 
nltude  is  determined  by  the  flight  velocity.  Under  these  conditions 
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comparatively  latenae  i'  lel-arop  oxidation  is  possible  to  the  point  at 
which  the  drops  vaporize ^  and  this  in  turn  exerts  an  effect  on  auto- 
ignition  of  the  fuel  beyond  the  flameholder.  The  fuel  film  formed  on 
surface  of  the  flameholder  as  a  result  of  the  fuel  drops  striking  the 
flameholder  is  subject  to  extremely  int-'nse  liquid -phase  oxidation  in 
PVRD  (ramjet  engines).  Fuel  that  has  undergone  preliminary  oxidation 
ignites  at  a  lower  temperature.  In  this  case^  to  heat  an  individual 
volume  of  the  mixture  in  the  circulation  zone  to  ths  autoignltlon  tem¬ 
perature  requires  leas  time.  Consequently,  a  smaller  volume  will  be 
consxaned  as  a  result  of  the  propagation  of  the  flame  on  the  surface, 
and  a  greater  volume  will  be  consumed  as  a  result  of  autoignition.  A 
consequence  of  the  above -described  feature  in  the  course  of  the  pre- 
flame  reactions  in  PVRD  (ramjet  engines)  is,  in  particular,  the  great¬ 
er  sensitivity  of  an  engine  of  this  type  to  the  quality  of  fuel,  than 
is  the  case  with  TRD  (turbojet  engines). 

Vibration  Fuel  Combustion  in  VRD  (Air-Reaction  Engines) 

Under  certain  conditions  of  fuel  combustion  in  VRD  (air-reaction 
engines)  the  so-called  vibration  or  pulsation  (I'igld)  combustion  takes 
place,  this  form  of  combustion  characterised  by  the  presence  of  period¬ 
ic  pressure  pulsations  (fluctuations)  within  the  combustion  chamber. 
Vibration  combustion  impairs  engine  economy  and  may  result  in  the  dis¬ 
ruption  of  the  functioning  of  the  control  equipment,  as  well  as  the 
buckling  of  the  combustion  chamber.  As  a  result  of  vibration  combustion 
the  flame  may  become  detached  and  the  engine  may  be  "extinguished. "  In 
the  case  of  great  pressure -oscillation  amplitudes,  mechanical  damage 
may  occur  within  the  combustion  ciiamber  of  the  engine. 

Vibration  combustion  occurs  in  VRD  (air-reaction  engines)  before 
flame  separation  as  the  fuel -air  mixtures  ai^  enriched  or  leaned,  in 
the  case  of  a  substantial  drop  in  the  tec^perature  of  the  fuel  and  air 
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entering  the  engine,  and  in  the  case  of  utilization  of  fuels  exhibiting 
a  high  ignition  lag. 

The  factors  responsible  for  the  occurrence  of  vibration  combustion 
have  not  been  adequately  studied  to  the  present  time.  In  terms  of  its 
nature,  vibration  combustion  is  similar  to  predetonation  combustion  in 
a  spark-ignition  engine.  This  formal  similarity  3ji  processes,  as  well 
as  the  above  noted  Influence  that  the  quality  of  the  fuel  has  on  the 
occurrence  of  vibration  combustion,  makes  it  possible  to  put  forth  the 
hypothesis  which  states  that  the  factors  responsible  for  the  occurrence 
of  detonation  combustion  in  a  spark-ignition  engine  are  similar  to 
those  responsible  for  the  occurrence  of  vibration  combustion  in  VRD 
(air-reaction  egines ) . 

In  both  the  first  and  the  second  type  of  engine,  a  portion  of  the 
fuel  is  consumed  as  a  result  of  autcignltion.  In  this  case,  because  of 
the  low  pressure  in  the  combustion  chamber  and  because  of  the  low  tem¬ 
perature  of  the  incoming  fuel,  the  preflarae  reactions  in  the  mixture 
volumes  which  are  consumed  as  a  result  of  autoignition  take  place  \mder 
conditions  corresponding  to  the  low-temperature  and  transition  auto- 
Ignitlon  zones.  When  the  preflame  reactions  take  place  primarily  in  the 
transition  zone,  self -oscillatory  chemical  processes  taice  place,  and 
these  result  in  the  appearance  of  vibration  combustion. 

Consequently,  in  VHP  (alr-reaotJon  engines),  as  well  as  in  a  spark- 
ignition  engine,  the  preflame  reactions  taking  place  in  the  transition 
zone  restrict  the  portion  of  fuel  consumed  as  a  result  of  autoignltlon, 
and  an  increase  In  this  portion  over  a  definite  limit  will  t^sult  In 
the  disruption  of  the  nort&al  combuetion  process. 

Condition  for  the  Most  Economical  Fuel  Conrabustion  In  VHP  (Air-Reaction 
Engines)  ~ 

A  characteristic  of  VRD  (alr-reactlon  engine)  economy  is  the  sped 


flc  I'l-.eJ.  con su:Yip cion  or  the  specific 
thrust  of  the  engine.  The  specific  fuel 
consumption  —  the  hourly  fuel  flow 
rate  per  1  kg  of  thrust  developed  by  the 
engine  —  is  equal  to 

^ud  “  3600  kg  per 

leg  of  thrust,  per  hour. 

The  thrust  R  developed  by  the  engine 
with  a  fuel  flow  rate  is  a  function  of 
a  number  of  parameters.  The  parameter 
which  characterises  the  efficiency  of  the 
combustion  process  is  the  coefficient  of 
fuel -combustion  completeness  which  is 

determJjacd  by  the  ratio  of  the  Increment 
iti  heat  content  (enthalpy)  of  the  products  of  combustion  to  the  heat  of 
combustion  of  the  fuel  entering  the  combustion  chamber. 

It  was  pointed  out  above  that  ^he  efficiency  of  the  combustion  pro¬ 
cess  In  VRD  (air-reaction  engines'  is  to  a  great  extent  determined  by 
the  relationship  between  the  portion  of  the  fuel  consumed  as  a  result 
of  autoignition  and  that  portion  of  the  AjoI  which  is  consumed  as  a  re¬ 
sult  of  the  propagation  of  the  flame  along  the  surface  of  the  mixture. 
The  gx^ater  the  quantity  of  fuel  consumed  as  a  result  of  autoignition, 
the  more  effective  (efflGient)  the  ciwabustion.  That  portion  of  the  fuel 
consumed  as  a  result  of  autoignition  is  determined  primarily  by  the 
structural  features  of  the  cha’iber,  the  manner  In  which  the  preflame 
preparation  of  tho  fuel -air  mixture  is  carried  out,  the  degree  of 
stream  tuH)Uilence  behind  the  stabiliser  (flameholder),  etc.  It  Is  clepr 
therefore  that  in  an  efficiently  desired  combustion  chamber,  hl^  va¬ 
lues  for  tlie  coefficient  of  corxbustion  completeness  can  usually  be 


Fig.  ^9.  Effect  of  fuel 
quality  on  coefficient  of 
complete  combustion  in 
combustion  chamber  of  TRD 
(turbojet  engine),  l)  n- 
Heptanej  2)  iaooctane;  3) 
n -hexane  j  4)  2,  3-dimetl:iyl. 
butane;  A)  Completeness  of 
combustion,  B)  speed, 
m/sec. 
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TABLE  22 

Fuel  Characteristics 
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1)  Fuel;  2)  boiling  point,  °C;  3)  normal 
speed  of  flame  propagation,  cm/sec j  4) 

Ignltlori  temperature,  ®Cj  5)  n-heptane; 

6;  3-sooetanej  7^  n-hexanej  o)2,3- 
dlmethylbu  'me. 

attained. 

Unlike  the  coinbustlon  of  fuels  In  contemporary  spark-lgnltlon  en¬ 
gines,  In  VRD  (alr-reactlon  engines)  structural  measures  can  be  employ¬ 
ed  In  order  to  achieve  high -economy  combustion  on  any  fuel  quality.  How 
ever,  this  circumstance  does  not  indicate  any  lack  of  Influence  on  the 
part  of  fuel  quality  on  the  combustion  process  In  VRD  (alr-reactlon  en¬ 
gines).  In  an  engine  of  this  type,  as  well  as  In  all  cases  In  which  a 
substantial  portion  of  the  fuel  la  consumed  as  a  result  of  autoignltlon 
the  molecular  structure  of  the  fuel  affects  combustion.  Evidently,  a 
fuel  characterised  by  a  shorter  autoignltlon  lag,  all  other  conditions 
being  equals  and  by  a  lower  autoignltlon  temperature,  will  bum  up  In 
a  VHD  (alr,reactlon  engine)  with  a  high  coefficient  of  c(»&bustlon  com¬ 
pleteness.  Conflrsnation  of  this  statement  la  given,  for  exas^}le,  by  the 
data  presented  In  Fig.  49  and  in  Table  22  [31]. 

We  can  see  fr<«n  Table  22  and  Pig.  49  that  fuels  that  are  virtually 
identical  In  terms  of  physical  properties  and  the  normal  speed  of  flame 
propagation,  but  differing  In  terms  of  autoignltlon  temperature,  bus^n 
up  with  various  coefficients  of  combustion  completeness.  The  lower  the 
autoignltlon  temperature,  the  higher  the  coefficient  of  combustion  com- 


pleteness.  The  data  presented  above  again  Indicate  the  significant  role 
played  by  autoignltion  In  the  fuel -conbustion  process  in  a  VRD.  More¬ 
over,  it  follows  from  these  data  that  in  those  cases  in  which  the 
structural  possibilities  of  high-economy  fuel  combustion  in  a  VRD  (air- 
reaction  engine)  are  fully  utilized,  an  additional  effect  can  be  a- 
chieved  by  using  fuels  exhibiting  a  small  autoignltion  lag  and  low  auto¬ 
ignition  temperature. 

FUEL  COMBUSTION  IN  A  LIQUID-FUEL  ROCKET  ENGINE  (ZhRD) 

Rocket  engines,  unlike  VRD  (air-reaction  engines)  use  an  oxidizer 
carried  on  board  the  flying  oraft  for  purposes  of  burning  (causing  the 
combustion)  of  the  fuel  (combustible).  A  ZhRD  (liquid -fuel  rocket  en¬ 
gine)  is  a  continuous -combustion  engine  in  which  the  thrust  is  pro¬ 
duced  as  a  result  of  the  reaction  of  a  gas  stream  formed  in  the  com¬ 
bustion  of  a  mixture  of  liquid  fuel  (combustible)  with  liquid  oxidizer. 

The  idea  for  the  development  of  a  ZhRD  belongs  to  K.E.  Tsiolkovskiy. 
In  1903 j  in  the  journal  "Scientific  Reviev;"  his  work  "The  Investigation 
of  Outer  Space  by  means  of  Reaction  Devices"  was  published,  and  here 
he  outlined  his  theory  of  rocket  flight  and  provided  the  scientific 
basis  for  the  possibility  of  using  liquid  rocket  engines  for  flight  in 
interplanetary  space. 

Figure  50  shows  a  diagram  of  one  of  Tsiolkovskiy 's  liquid  rocket 
engines  in  which  he  uses  liquid  hydrocarbons  and  liquid  oxygen  as  the 
■fuel.  In  addition  to  the  development  of  the  basic  ZhRD  design,  K.E. 
Tsiolkovskiy  resolved  a  number  of  structural  problems.  Many  of  his  sug¬ 
gestions  have  been  incorporated  in  contemporary  ZhRD  (liquid  rocket  en¬ 
gines).  For  example,  the  cooling  of  the  combustion  chamber  by  means  of 
the  combustible,  the  installation  of  the  rocket  control  surfaces  (gas 
vanes)  in  the  stream  of  the  exhaust  gases,  etc. 

The  utilization  of  liquid  oxygen  or  some  other  active  oxidizer 
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Pig.  50.  Diagram  of  liquid  rocket 
engine,  after  K.E.  Tslolkovskly. 

1)  Crew,  breathing  equipment;  2) 
liquid  freely  evaporating  oxygen 
at  extremely  low  temperature;  3) 
liquid  hydrocarbon. 

rather  than  the  oxygen  of  the  air  as  the  oxidizer  makes  It  possible 
substantially  to  increase  the  heating  value  of  the  fuel,  l.e.,  the 
quantity  of  heat  referred  to  1  kg  of  the  products  of  combustion.  In 
this  case,  the  heat  is  not  expended  on  the  heating  of  ballast  compon¬ 
ents  In  the  oxidizer,  e.g.,  such  as  the  nitrogen  In  the  air.  As  a  re¬ 
sult,  in  a  ZhRD  (liquid  fuel  rocket  engine)  the  products  of  combustion 
are  heated  to  extremely  high  temperatures  (3000-4000°  K),  and  this 
makes  It  possible  to  attain  high  exhaust  velocities  for  the  products 
of  combustion  and,  consequently,  greater  power  than  Is  attainable  with 
any  other  types  of  engines.  For  example,  the  German  V-2  rocket  develop¬ 
ed  a  power  In  excess  of  600,000  hp. 

The  basic  diagram  of  a  contemporary  ZhRD  (liquid  rocket  engine) 
is  shown  In  Fig.  51*  The  liquid  oxidizer  and  the  liquid  fuel  (combus¬ 
tible)  Is  supplied  to  the  Injectors  by  means  of  pumps  set  Into  motion 
by  an  auxiliary  turbine,  and  the  spray  nozzles  (Injectors)  are  mounted 
in  the  head  of  the  engine.  The  spray  nozzles  (injectors)  are  position¬ 
ed  In  the  engine  head  so  as  to  provide  for  the  best  mixing  of  the  fuel 
components.  The  fuels  may  be  hypergolic  when  the  combustible  comes  Into 
contact  with  the  oxidizer,  or  the  fuels  may  be  nonhypergolic.  The  latter 
are  ignited  by  means  of  special  devices.  Most  frequently  they  are  Igni- 


Fig.  51.  Diagram  of  ZhRD  (liquid  fuel 
rocket  engine)  with  turhopump  fuel-feed 
system,  l)  Combustion  chamber;  2)  reac¬ 
tion  nozzle;  3)  fuel  (combustible)  cool¬ 
ing  Jacket;  4)  auxiliary -engine  combus¬ 
tion  chamber;  5)  auxiliary  vapor-gas 
turbine;  6,  7)  pumps  set  into  motion  by 
the  auxiliary  turbine  and  feeding  the 
ZhRD  combustion  chamber  with  fuel  (com¬ 
bustible)  and  oxidizer;  8)  spray  noz¬ 
zles  (injectors);  9)  compressed-air 
flask  for  supply  of  water  to  cool  the 
combustion  chamber  of  the  auxiliary  tur¬ 
bine.  A)  Oxidizer;  B)  fuel  (combustible); 
C)  water. 


ted  by  means  of  an  ignition  flame  formed  as  a  result  of  the  utiliza¬ 
tion  of  a  hypergollc  initiating  fuel. 

Ignition  may  also  be  achieved  by  means  of  a  special  "pyrotechnic” 
device.  The  latter  may  consist  of  one  or  more  powder  cartridges  which 
are  ignited  by  means  of  electricity.  A  powder  cartridge  of  this  type 
burns  for  several  seconds  and  will  ignite  the  mixture. 

After  the  ignition  of  the  fuel  in  the  combustion  chamber,  continu 
ous  combustion  of  the  incoming  fuel  is  established.  The  kinetic  energy 
of  the  products  of  combustion  is  converted  into  engine  thrust  in  the 
nozzle  assembly. 


-  185  - 


The  structural  design  of  an  engine  Is  determined  by  its  designa¬ 
tion.  The  diagram  of  the  ZhRD  with  turbopump  fuel  feed  considered  in 
Fig.  51  Is  used  generally  for  engines  Intended  for  extensive  operation. 
For  short -operation  engines  (booster  engines,  antiaircraft  missiles) 
the  small  fuel -tank  capacity  makes  it  possible  to  use  the  gas -flask 
method  of  fuel  feed’ (Fig.  52). 


Fig.  52.  Schematic  diagram  of  ZhRD  (liquid  roc¬ 
ket  engine)  with  gas -flask  (pressure  tank)  pres- 
surized-propellant  feed  system  (the  Wasserfall 
antiaircraft  missile),  l)  Piston  set  into  motion 
during  combustion  of  powder  charge;  2)  burst  dia¬ 
phragm;  3)  24  V  voltage;  4)  start  valve;  5)  pres-' 
surlzlng-gas  (nitrogen^  container  (flask)  under  a 
pressure  of  250  atm;  6)  pressure  regulator;  7) 
check  valve;  8)  two  burst  diaphragms  set  for  a 
pressure  of  10  atm;  9)  fuel  (combustible)  tank; 

10)  oxidizer  tank;  11)  flexible  tubing  with 
weights  at  one  end;  12)  hinged  connection  of 
Intake  connection  tube;  I3)  two  burst  diaphragms 
set  for  a  pressure  of  20  atm;.  14)  calibrated  Jet 
nozzles;  15)  combustion  chamber  of  engine  (pres¬ 
sure  in  chamber,  19  atm). 


_  The  designation  of  the  engine  also  determines  the  requirements  im¬ 
posed  on  the  thrust  developed  by  the  engine  and  on  the  duration  of  en¬ 
gine  operation,  and  this  has  an  effect  on  the  dimensions  of  the  combus¬ 
tion  chamber,  the  capacity  of  the  fuel  (propellant)  tank,  and  on  the 
selection  of  the  fuel  (propellant)  components. 

Features  of  the  Combustion  Process  in  ZhRD  (Liquid  Rocket  Engines) 

Unlike  other  continuous -combustion  engines,  the  fuel  (propellant) 
combustion  process  in  ZhPJ)  (liquid  rocket  engines)  takes  place  at  ex¬ 
tremely  high  temperatures  (3000-4000®  K)  and  pressures  (up  to  100  atm). 
Under  these  conditions,  the  chemical  reactions  of  Interaction  betwec*' 
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Fig*  53*  Zones  in  which  the 
primary  processes  take  place 
within  the  combustion  chamber 
of  a  ZhRD  (liquid  rocket  en¬ 
gine)  [33].  A)  Zone  of  fuel 
(propellant)  atomization j  B) 
vaporization  zone;  C)  mixing 
zone  and  zone  of  chemical  re¬ 
actions;  m  -  m)  section  of 
transition  of  combustion  from 
kinetic  region  to  diffusion 
region;  G/Gq)  portion  of  fuel 

(propellant)  referred  to  per- 
second  flow  rate.  1)  Atomiza¬ 
tion;  2)  vaporization;  3) 
mixing;  4)  chemical  reaction; 
5)  physical  incomplete  combus¬ 
tion  of  fuel  (propellant);  6) 
temperature. 


the  fuel  (combustible)  and  the  oxidi¬ 
zer  take  place  at  an  extremely  fast 
rate.  The  time  that  the  fuel  (propel¬ 
lant)  stays  in  the  combustion  chamber 
(from  the  Instant  at  which  it  enters 
to  the  instant  at  which  the  products 
of  combustion  are  formed)  is  calcula¬ 
ted  at  0.003-0.008  sec.  At  the  same 
time,  just  as  in  a  VRD  (air-reaction 
engine),  the  combustion  process  takes 
place  in  an  extremely  turbulent  stream 
of  combustible  and  oxidizer  vapors. 
Near  the  engine  head  there  are  inten¬ 
sive  countercurrents  of  products  of 
combustion.  All  of  this  makes  it  pos¬ 
sible  to  consider  the  combustion  pro¬ 
cess  in  a  ZhRD  (liquid  rocket  engine), 
as  in  the  case  of  a  VRD  (air-reaction 


engine),  as  consisting  of  two  simultaneous  processes  -  the  propagation 


of  the  flame  and  the  autoignition  of  the  mixture  volumes  of  combustible 


and  oxidizer  vapors  as  these  enter  the  high -temperature  zone. 

The  combustion  chamber  of  a  ZhRD  (liquid  rocket  engine)  is  conven¬ 
tionally  divided  into  several  characteristic  zones  (Pig.  53).  The  first 
zone  is  the  propellant  atomization  zone  and  is  situated  in  the  immediate 


vicinity  of  the  engine  head.  The  streams  of  combustible  and  oxidizer 


coming  out  of  the  injectors  are  atomized  Into  drops  primarily  in  this 
zone.  The  following  zone  is  the  vaporization  zone  in  which  the  propel¬ 
lant  components  are  mixed.  This  zone  is  characterized  by  intensive  vp 
porization  processes  involving  the  propellant  drops  and  the  mixing  of 


oxidizer  and  combustible  vapors.  It  is  in  this  zone  that  the  intensive 
liquid -phase  combustible -drop  oxidation  processes  take  place  with  both 
liquid  and  gaseous  oxidizers,  the  latter  generally  being  present  in  a 
volume  several  times  in  excess  of  the  quantity  of  combustible.  At  the 
same  time  the  combustible  and  oxidizer  vapors  begin  to  enter  into  the 
reaction.  Then  follows  the  mixing  zone  and  the  zone  of  chemical  re¬ 
actions.  This  zone  can  be  divided  into  two  regions  ■-  the  region  of 
kinetic  combustion  and  the  region  of  diffusion  combustion.  In  the  kine¬ 
tic  reaction  region  the  propagation  of  the  flame  takes  place  at  a  re¬ 
latively  low  vel'^clty.  A  substantial  portion  of  the  entire  pi^opellant 
consumed  in  this  region  b\irns  up  as  a  result  of  the  autolgnltlon  of  the 
volumes  of  the  gaseous  combustible  and  oxidizer  mixture,  with  these  vo¬ 
lumes  flushed  by  the  countercurrents  of  the  products  of  combustion.  Al¬ 
though  the  mixture  undergoes  autolgnltlon  virtually  Instantaneously, 
the  entire  autolgnltlon  process,  including  the  preflame  preparation  of 
the  mixture,  takes  place  rather  slowly.  The  periodic  preflame  reactions 
similar  to  the  reactions  (considered  above)  taking  place  in  the  transi¬ 
tion  autolgnltlon  zone  take  place  in  this  region.  The  rate  of  propellant 
combustion  in  the  kinetic  region  is  limited  not  so  much  by  the  mixing 
processes  but  by  the  kinetics  of  the  chemical  reactions,  and  this  deter¬ 
mined  the  designation  of  this  region. 

The  legion  of  diffusion  combustion  is  characterized  by  high  gas 
temperature.  Here,  the  rate  of  the  chemical  i vac^.Aon  is  substantially 
in  excess  of  the  rate  of  mutual  diffusion  between  the  molecules  of  the 
combustible  and  those  of  the  oxidizer,  as  well  as  the  rate  of  component 
mixing.  In  this  region,  the  combustion  of  the  fuel  takes  place  primarily 
as  a  result  of  the  propagation  of  the  flame  in  the  unconsumed  mixture. 
Autolgnltlon  processes  play  an  insl^'ilficant  role  in  this  region. 

The  examined  subdivision  of  the  combustion  chamber  of  ZhRD  (llj 


rocket  engines)  is  conditional,  since  it  is  not  possible  to  define 
clear  boundaries  between  zones  in  the  engine.  Nevertheless,  this  sub¬ 
division  is  useful,  since  it  makes  it  possible  to  conceptualize  the 
processes  taking  place  within  the  combustion  chamber  of  a  ZhRD. (liquid 
rocket  engine). 

Unstable  Combustion  in  a  ZhRD  (Liquid  Rocket  Engine) 

Unstable  or  vibration  combustion  in  ZhRD  (liquid  rocket  engines) 
(hard  combustion)  takes  place  in  all  types  of  ZhRD  regardless  of  the 
dimensions  and  configurations  of  the  combustion  chambers,  cind  also  in¬ 
dependent  of  the  propellant  and  feed  systems  used. 

Unstable  combustion  appears  in  the  form  of  periodic  pressure  fluc¬ 
tuations  in  the  combustion  chamber.  When  the  amplitude'  of  the  oscilla¬ 
tion  (fluctuation)  is  not  great  and  there  is  no  disruption  of  the  nor¬ 
mal  operation  and  utilization  of  the  engine,  the  combustion  is  condi¬ 
tionally  regarded  to  be  stable. 

A  thoroughly  refined  theory  of  unstable  combustion  in  ZhRD  does 
not  yet  exist.  Experimenters  have  distinguished  two  types  of  pressure 
oscillations  which  can  occur  in  the  combustion  chamber  of  a  ZhRD  — 
high-frequency  (above  1000  cps)  and  low-frequency  (below  300  cps).  We 
know  of  the  following  concepts  which  serve  to  explain  the  physical 
mechanism  responsible  for  the  appearance  of  oscillations  (fluctuations) 
within  a  ZhRD  chamber. 

Low-frequency  instability  Is  a  result  of  the  interaction  of  the 
oscillations  within  the  combustion  chamber  with  those  oscillations 
within  the  feed  system  of  the  engine.  With  a  cliange  in  the  pressure 
within  the  combustion  chamber,  given  constant  pressure  In  the  feed  sys¬ 
tem,  there  is  a  change  in  the  fuel  (propellant)  -  feed  regime.  For  ex¬ 
ample,  with  an  Increase  in  pressure  in  the  coasbustion  chamber,  the  quan¬ 
tity  of  fuel  fed  to  the  engine  Is  I'educed.  A  reduction  in  the  quantity 


of  fuel  fed  to  the  engine  in  turn,  reduces  the  pressure  within  the  com¬ 
bustion  chamber.  The  combustion  of  the  incoming  fuel  (propellant)  takes 
place  in  the  engine, "buT  "not iLnstantaneously;  rather  it  takes  place 
over  a  certain  Interval  of  time  that  is  a  function  of  the  time  requir¬ 
ed  to  convert  the  fuel  (propellant)  into  the  products  of  combustion. 
During  this  time,  the  pressure  continues  at  its  elevated  level,  and  the 
fuel  (propellant)  flow  rate  remains  at  its  reduced  level.  Then  the  pro¬ 
cess  is  repeated  in  reverse.  Because  of  the  reduced  pressure  in  the 
combustion  chamber,  the  quantity  of  fuel  (propellant)  fed  into  the  en¬ 
gine  is  Increased,  and  this  increases  the  pressure  within  the  combustion 
chamber.  In  this  case,  as  a  result  of  the  fact  that  there  now  Is  time 
for  the  conversion  to  take  place,  the  elevated  pressure  lasts  longer 
in  the  combustion  chamber  than  Is  required  for  the  equalization  of  the 
pressure,  and  the  oscillations  are  not  damped.  These  oscillations  are 
characterized  by  low  frequencies  as  a  result  of  the  Inertia  of  the  mass 
of  liquid  propellant  subjected  to  these  oscillations. 

Experimental  investigations  of  the  phenomenon  of  low-frequency  in¬ 
stability  confirm  the  physical  mechanism  of  its  origin  as  presented 
above.  For  example,  low-frequency  instability  la  reduced  by  limiting 
he  ?on”crslon  time,  by  increasing  the  pressure  difference  between  the 
tank  and  the  cliamber,  by  increasing  the  volvuae  of  the  combustion  cham¬ 
ber  and  the  length  of  the  fuel  manifold,  atid  by  reducing  the  lateral 
ci*oss  section  of  the  fuel  manifold  or  by  increasing  the  ajass  rate 
therein  (33l. 

High-frequency  instability  of  combustion  in  combustion  chambers  of 
ShHD  la  characterized  by  regular  oeolllations  having  a  frequency  rang¬ 
ing  f:'om  1000  to  12000  cps.  The  amplitude  of  the  oscillation  varies  with¬ 
in  a  range  of  tenths  of  a  fi'actlcn  of  an  atmosphere  to  100,^  of  the 
sure  within  the  chamber.  Longitudinal  high-frequency  oscillattcn.s  or 
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ot  various  types  have  been  experimentally  observed,  Including  oscilla¬ 
tions  of  the  shock  and  slnuslodal  types  [3^].  Generally,  In  the  case 
of  developed  high-frequency  instability,  we  note  the  appearance  of 
shock  waves  that  are  propagated  along  the  combustion  chamber.  Evident¬ 
ly,  these  high-frequency  oscillations  are  associated  with  the  features 
encountered  in  the  combustion  process  within  ZhRi)  (liquid  rocket  en¬ 
gines). 

At  the  present  time  there  is  no  generally  accepted  standpoint  for 
the  physicochemical  model  of  this  phenomenon.  Taking  into  consideration 
the  above -considered  feacures  encountered  in  the  combustion  process  in 
ZhRD,  it  becomes  possible  to  explain  this  phenomenon  in  terms  of  the 
concepts  which  we  employed  to  explain  detonation  combustion  in  a  spark- 
ignition  engine. 

We  pointed  out  above  that  in  the  kinetic  region  of  the  combustion 
chamber  of  a  ZhRD,  a  substantial  portion  of  the  fuel  (propellajit)  is 
turned  as  a  result  of  the  autoignition  of  the  turbulent  fresh -mixture 
volumes. 

Under  conditions  of  high  pressure  within  the  combustion  chamber 
of  a  Zi\RD,  despite  the  rather  high  temperatures,  high -reaction -capacity 
molecules  of  the  combustible  and  oxldiser  may  Intei'act  on  the  basis  of 
the  mechanism  for  the  transition  stage  of  autoignltlon.  In  this  case, 
in  the  voluiaes  of  the  combustible  and  oxidiaer  mixture  periodic  re¬ 
actions  take  place  and  accordingly  there  is  a  periodic  liberation  of 
heat  within  the  gas,  resulting  In  the  occurrence  of  compression  waves. 

In  the  kinetic  region  of  the  combustion  chamber  of  a  ZhRD  (liquid 
rocket  engine)  it  Is  possible  to  provide  for  the  second  condition  which 
results  in  the  formation  of  undamped  shock  waves  from  .the  compression 
waves  that  are  produced;  the  quantity  of  matter  reacting  in  each  sub¬ 
sequent  Instant  of  time  can  be  greater  than  the  preceding  quantity. 
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In  fact,  under  conditions  of  relatively  moderate  temperatures  within 
the  kinetic  region,  the  liberation  of  heat  in  the  wave  results  in  the 
progressive  heating  up  of  the  adjacent  layers  of  the  mixture  and  the 
self -acceleration  of  the  waves  to  values  of  the  velocity  at  which 
the  liberation  of  heat  in  the  wave  in  each  subsequent  instant  becomes 
equal  to  the  quantity  of  heat  liberated  at  the  preceding  Instant  of 
time. 

Evidently,  high-frequency  instability  of  combustion  is  a  function 
both  of  the  thermodynamic  and  hydrodynamic  conditions  within  the  com¬ 
bustion  chamber  of  the  ZhRD  (liquid  rocket  engine).  The  hydrodynamic 
conditions  determine,  in  particular,  the  number  and  volume  of  the  auto- 
Ignltlon  foci.  An  increase  in  the 'number  and  volume  results  in  an  in¬ 
crease  in  the  amplitude  of  the  oscillation.  The  hydrodynamic  conditions 
in  turn  are  functions  of  the  geometry  of  the  combustion  chamber.  This 
can,  apparently,  be  explained  by  the  effect  that  the  length  of  the  com¬ 
bustion  chamber,  as  well  as  the  shape  and  the  length  of  the  convergii'jg 
part  of  the  nozzle  [35-371#  exert  on  the  occurrence  and  intensity  of 
high-frequency  instability.  We  should  also  anticipate  a  rise  in  high- 
frequency  instability  with  an  increase  in  the  pre8sui*e  within  the  com¬ 
bustion  cliamber,  since  in  this  case  the  temperature  range  expands, 
l.e,  the  range  within  which  the  periodic  preflame  processes  take  place* 

The  increase  in  the  intensity  of  the  high-frequency  Instability 

of  combustion  that  takes  place  as  a  result  of  an  increase  in  pressui'e 

* 

was  established  experimentally  in  References  [3^-36].  As  can  be  seen, 
this  concept  of  the  physicochemical  conditions  for  the  occurrence  of 
txnstable  combustion  cakes  it  possible  qualitatively  to  explain  cert:  !.n 
experimental  data.  It  should  be  pointed  out  that  Yu.Kli.  Sliaulov  and 
14.0.  Lerner  (371  pointed  both  to  the  periodic  processes  in  the  chsnl- 
cal  Jcinetlcs  as  well  as  to  one  of  the  possible  factors  responsible  f::?' 
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the  occurrence  of  unstable  combustion  in  ZhRD  (liquid  rocket  engines). 

High-frequency  instability  of  combustion  In  ZhRD,  unlike  low- 
frequency  combustion  Instability,  is  apparently  not  associated  with  the 
feed  system  of  the  engine*  At  the  same  time,  both  disruptions  of  the 
normal  combustion  process  may  be  closely  associated  with  one  another. 
For  example,  high-frequency  instability  may  serve  as  the  initial  factor 
responsible  for  the  occurrence  of  low-frequency  instability,  and  the 
latter  may  serve  to  Intensify  high-frequency  instability. 

The  Influence  that  the  Combustion  Process  Exerts  on  ZhRD  Economy 

The  magnitude  of  specific  thrust  for  any  continuous -combustion  en¬ 
gine  is  determined  by  the  heating  value  of  the  fuel  (propellant)  em¬ 
ployed,  and  here  we  must  take  into  consideration  the  possible  dissocia¬ 
tion  of  the  products  of  combustion  and  the  coefficient  of  combustion 
completeness.  High -reaction -capacity  propellant  components  used  in  ZhRD 
are  generally  chai’acterlsed  by  high  values  of  the  coefficient  of  combus 
tlon  completeness,  A  reduction  in  the  coefficient  of  combustion  comple¬ 
teness  Is  observed  when  the  normal  combustion  process  is  disrupted.  For 
example,  the  appearance  of  low-frequency  combustion  instability  results 
in  a  reduction  of  specific  engine  thrust. 

The  intensity  of  xu^stable  combustion  in  ZiiRD  (liquid  rocket  en¬ 
gines)  is  associated  with  the  relationship  between  the  quantity  of  fuel 
consumed  as  a  result  of  autoigi.  Ition  and  the  quantity  of  fuel  that  is 
consumed  as  a  result  of  the  propagation  of  the  flame  along  the  surface 
of  the  gas  mixture.  Unlike  VHD  (air-reaction  engines)  an  iticreasc  in 
this  relationship  (i^atlo)  sometimes  results  in  a  reduction  of  engine 
economy  as  a  result  of  the  appearance  of  mtS table  combustion  with  great 
cscillatloh  amplitudes. 
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Manu¬ 
script  [Footnotes] 

Page 

No. 

147  For  additional  details,  see  the  special  references,  e.g. , 

[8,  9]. 

166  According  to  the  standpoint  of  G.S.  Shlmonayev. 
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Chapter  7 

HEAT  OP  COMBUSTION  OP  HYDROCARBON  FUELS 
METHODS  OP  COMPUTING  HEAT  OP  COMBUSTION 

In  addition  to  the  standard  methods  for  determining  heat  of  com¬ 
bustion  (see  Chapter  III),  various  empirical  formulas  are  employed  for 
planning  and  design  purposes}  these  can  Indicate  the  heat  of  combustion 
of  the  fuel  with  a  lower  accuracy  but  by  a  simpler  route  than  the  bomb 
determination. 

The  error  of  a  heat -of -combustion  calculation  made  by  the  empiri¬ 
cal  formulas  is  +  2  to  3^* 

Basic  to  the  empirical  working  formulas  proposed  by  various  auth¬ 
ors  are  the  following: 

1)  the  elementary  composition  of  the  fuel} 

2)  the  quantity  of  air  (oxygen)  required  to  burn  the  fuel} 

3)  the  heat  of  formation  of  the  fuel} 

4)  the  physicochemical  characteristics  of  the  fuel. 

In  the  first  case,  we  depart  from  the  fact  that  the  fuel’s  heat 
of  combustion  is  equivalent  to  the  sum  of  the  heats  of  combustion  of 
the  individual  elements  forming  the  fuel.  Many  formulas  are  based  on 
this. 

The  author  of  one  of  the  first  formulas,  and  one  which  has  practi¬ 
cal  importance  at  the  present  time,  was  the  great  Russian  scientist  D.I. 
Mendeleyev. 

However,  combustion  of  a  fuel  cakes  place  in  a  more  complex  manner 
than  does  combustion  of  the  individual  elements  forming  the  fuel  to  the 
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final  conversion  products. 

In  this  case,  we  disregard  the  possibility  of  formation  of  various 
Inteniiediate  compounds  with  absorption  or  liberation  of  heat. 

As  an  example,  we  present  the  formula  [1] 


•  Q*  ==  7847C.-}*  28670  +  2500  S  -  59.5W^.  :  ( 1 ) 


where  is  the  lower-limit  heat  of  formation  in  kcal/kg,  C  is  the 
fractional  content  of  carbon  in  the  fuel,  H  is. -the  fractional  content 
of  hydrogen  in  the  fuel,  0  is  the  fractional  content  Of  oxygen  in  the 
fuel,  S  is  the  fractional  content  of  sulphur  in  the  fuel  and  W  is  the 
fractional  content  of  water  in  the  fuel. 

In  the  second  case,  the  quantity  of  oxygen  necessary  for  complete 
combustion  of  the  elements  composing  the  fuel  is  used  as  the  basis  for 
the  empirical  formulas. 

As  an  example,  we  present  the  formula  [2] 

0“  =  [8910 -■TE05^^]c+  21735(//  -  i^)  + 

-f-2500S- 5851V,  (2) 

where  a  is  the  fractional  content  of  ash  in  the  fuel  and  585  is  the 

heat  of  combustion  of  wate""  expressed  in  koal/kg. 

The  remaining  symbols  have  the  same  significance  as  for  Formula 


(1). 


A  somewhat  higher  accuracy  In  the  caD  culations  (+  2%)  is  given  by 
the  possibility  of  deriving  the  lormula  [3] 

Q*  «  8400C  +-  22500.V  +  ISuOAT  +  25005  -  26500  -  5851V,  ( 3 ) 

where  N  is  the  fractional  content  of  nitrogen  in  the  fuel. 

The  remaining  symbols  have  the  same  significance  as  in  Formula  (1). 

In  writing  Formulas  (2)  and  (3)#  the  elementary  composition  of  the 
fuel  was  again  used  as  the  point  of  departure;  as  has  already  been  noted, 
this  is  the  source  of  the  Inadequate  accuracy  delivered  by  the  calcula¬ 
tions. 
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The  heat  of  combustion  of  a  liquid  fuel  may  be  computed  with  sin 
accuracy  approaching  that  of  calorimetric  determination  by  the  formula 
of  D.P.  Konovalov  [41; 

^  =  3050^.  (4) 

where  K  is  the  quantity  of  oxygen  necessary  to  bum  a  unit  weight  of 
the  fuel. 

The  quantity  K  is  computed  by  the  formula 


8 


K 


|-C  +  8H-0 


(5) 

where  C,  H  and  0  are  the  contents  of  carbon,  hydrogen  and  oxygen  in  the 
fuel,  respectively,  expressed  in 

According  to  this  formula,  the  quantity  of  heat  liberated  in  com- 
bustion  of  the  fuel,  referred  to  a  unit  weight  of  oxygen  consumed,  dif¬ 
fers  by  no  more  than  1-2^  for  all  fuels. 

In  the  third  case,  the  empirical  formulas  are  based  on  the  fami¬ 
liar  Hess  law,  from  which  it  follows  that  the  heat  of  combustion  of  a 
fuel  corresponds  to  the  difference  between  the  heats  of  formation  of 
the  compound  being  burned  and  the  sum  of  the  heats  of  formation  of  its 
ultimate  combustion  products  (water, "carbon  dioxide,  etc.). 

Finally,  in  the  fourth  case,  for  liquid  hydrocarbon  fuels,  which 
consist  basically  of  two  elements  -  carbon  and  hydrogen  -  a  definite 
relationship  has  been  established  between  the  proportions  of  these  ele¬ 
ments,  their  boiling  point,  aniline  point,  density  [5],  hydrocarbon 
structure  [6]  and  other  indices  vhat  characterise  the  hydrocarbon  fuel 
on  the  one  hand,  arid  the  heat  of  combustion  on  the  other. 

Table  23  [73  shows  the  relationship  between  the  carbon -to -hydrogen 
ratio  and  heat  of  combustion  for  a  hydrocarbon  fuel  of  this  composition 

Knowing  the  chemical  composition  of  a  liquid  fuel,  we  may  compute 
its  heat  of  combustion  by  the  following  formula  [6]  with  an  accuracy 


TABLE  23 

Lower -Limit  Heat  of  Formation  of 
Liquid  Petroleum  Products  at  15.5° 
and  Constant  Pressure  (in  kcal/kg) 

[93 


1  SjteuonTapiiufi 
cocran  lonnnna 

/oTuomonne 

A _ R0«0PPA  -/  i 

2 

VraenoAO- 

poAnue 

TonAuna 

3  ' 

IIiiAUBnAyaAk- 
nue  yrAODO- 
AcpoAH 

1 

6.0 

10  360 

10360 

6,4 

10  240 

10250 

6,8 

10120 

10150 

7,2 

10010  . 

10  070 

7,6 

3  925 

10  COO 

8,0 

9820 

9930 

8,4 

9  730 

9875 

8,8 

9650 

9830 

9,2  • 

■  9  580 

9780 

9,6 

9  520 

9  760 

10.0 

9470 

9740 

1)  Elementary  composition  of  fuel 
(carbon/hydrogen  ratio);  2)  hydro¬ 
carbon  fuels;  3)  individual  hydro¬ 
carbons  . 


within  1  to 

=  104,2  rtg  +  26,05  -f  13,0  -f  46, 1  +  6,5  n,  —  3,5  — 

.  (6) 
where  is  the  upper -limit  heat  of  combustion  in  kcal/mole -at  20°, 
n^  is  the  number  of  carbon  atoms  in  the  molecule,  is  the  number  of 
hydrogen  atoms  in  the  molecule,  n^  is  the  number  of  double  bonds  in  the 
olefin  molecule  or  in  the  side  chains  in  the  case  of  ring  compounds, 
ng  is  the  number  of  triple  bonds  in  the  molecules  of  acetylene  hydro¬ 
carbons,  n^  is  the  number  of  double  bonds  in  the  ring  for  unsaturated 
naphthenes,  n^^^,  _  is  the  number  of  bonds  between  the  aromatic  ring 
and  the  alkyl  groups,  n^^^  ^  la  the  number  of  bonds  between  aromatic 
rings. 

In  computing,  the  heat  of  combustion  for  polycyclic  aromatic  hydro¬ 
carbons,  n^j,  _  is  equal  to  the  number  of  aromatic  rings  in  the 
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cyclic  grouping  minus  one  multiplied  toy  two.  For  example,  ^ 
assumes  the  values 


for  diphenyl . 1 

”  triphenylbenzene  ....  3 

"  naphthalene . 2 

"  phenanthrene  .  4 

"  ohrysene  6 

etc. 


HEAT  OF  COMBUSTION  AS  A  FUNCTION  OP  THE  CHEMICAL  NATURE  OP  FUELS 
The  heat  of  combustion  of  a  fuel  depends  on  two  factors: 

1)  on  the  quantity  of  combustible  compounds  in  the  fuel;  this 
applies  principally  to  solid  fuels  whose  composition  includes  ash  and 
a  considerable  quantity  of  moisture j 

2)  on  the  chemical  composition  of  the  fuel  or  on  the  proportions 
of  the  elements  composing  the  combustible  part  of  the  fuel  and,  conse¬ 
quently,  on  the  chemical  composition  of  hydrocarbon  liquid  fuels. 

Table  24  lists  heats  of  combustion  for  the  combustible  parts  of 

various  fuels  and  the  elements  composing  them. 

In  practice,  a  liquid  hydrocarbon  fuel  consisting  almost  entirely 

of  compounds  whose  structures  incorporate  carbon  and  hydrogen  has  the 

highest  heat  of  combustion.  The  unit-weight  heat  of  combustion  of  hy- 
* 

drogen  is  3.5  times  that  of  carbon.  For  this  reason,  the  higher  the 
hydrogen  content,  the  higher  will  be  the  heat  of  combustion  of  a  hydro¬ 
carbon  fuel. 

For  paraffinic  hydrocarbons,  carbon  content  varies  insignificantly 

-  in  the  range  from  84  to  8556;  for  naphthenic  hydrocarbons,  this  quan- 

* 

tlty  is  constant  at  approximately  83.75$^,  and  for  aromatic  hydrocarbons 
it  varies  over  a  wide  range  from  SI  to  87*3$^«  depending  upon  the  length 
of  the  side  chains. 

The  unit-weight  heats  of  combustion  of  fuels  vary  in  the  same  se¬ 
quence  as  carbon  content:  negligibly  for  paraffinic  and  naphthenic 
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hydrocarbons  and  up  to  500  kcal  (Pig.  54)  for  aromatic  hydrocarbons 
with  6  to  20  carbon  atoms. 


TABLE  24 

Lower’.Llmlt  Heats  of  Combustion  of 
Fuels  Referred  to  Burning  Mass  (in 
kcal/kg) 


Tonaiuio 


KuaA/xr 


3 rasoofipasnao  eoeAHuenan 

^  DoAopoA:  cropaot  »  Boay .  28  557 

5  OKKCb  yraopoAa;  cropacr  a  yraoxucjiufi 
£  .  2  429* 

7  Ctiwen .  11 145  . 

3  AqeTiwca  .  11'499 

9TBopAoe  TonsHBO 

lO'rnepofl;  cropanr  b  yrncKueaufi  raa  8100* 

11  yniopcA;  cropa«T  b  OKncb  yracpoAi  .  .  2433 

12  AuTpaniiT  .  a-OO— 9000 

Id  KaMoititufi  yroBb . ' .  7000—8000 

14  BypuQ  yroAL .  COOO— 7000 

15  Top* .  500O-C0OO 

16  Acpono .  4500 

17  BxuAKoe  TonauBO  (8] 

l8  IIc*ii. .  10300 

IQ  AniiaiiitottiiMa  Ccuaiiii,  copr  100/130  .  .  10530 

20  Bouauii  aitTouofiiMkttuA  (cpoA»>iA)  .  .  10486 

21  Auscciuioo  Touauoo,  uapatpHuuctoe  >  .  10386 


♦For  carbon  and  carbon  monoxide.  In 
which  there  is  no  hydrogen  and  water 
does  not  form  on  combustion,  the  con¬ 
cept  of  lower-llmlt  heat  of  combus¬ 
tion  Is  not  applicable.  Their  full 
heats  of  combustion  are  listed. 

I)  Fuel;  2)  kcal/kgj  3)  gaseous 
compounds]  4)  hydrogen;  bums  to 
water;  5)  carbon  monoxide;  burns  to 
carbon  dioxide;  6)  methane;  7)  ethy¬ 
lene;  8)  acetylene;  9)  solid  fuel; 

10 1  carbon;  bums  to  carbon  dioxide; 

II)  carbon;  burns  to  carbon  monoxide; 
12,  anthracite  I  13)  coal;  14)  lignite i 
15|  peat;  16)  wood;  17)  liquid  fuel  (8) 
18)  petroleum;  I9)  aviation  gasoline, 
grade  IOO/I3O;  20)  automobile  gasoline 
(medium);  21)  diesel  fuel,  paraffinic. 


The  unit -volume  heat  of  combustion  of  hydrocarbons  is  determined 
not  only  by  the  unit-weight  heat  of  combustion,  but  also  by  density, 
which  varies  as  a  function  of  the  hydrocarbon’s  structure. 

For  hydrocarbons  fuels  that  boil  out  in  the  range  from  80  to  300®, 
the  density  varies  as  follows  [9#  11 «  12]. 

For  paraffinic  hydrocarbons  ....  from  0.68  to  0.80 
For  naphthenic  hydrocarbons  ....  *'  0.74  *'  0.84 


For  monocyclic  aromatic 

carbons  .  "  0.86  ”0.90 

For  bicyclic  hydrocarbons .  ”  0.92  ”1.04 


As  we  see,  even  within  a  single  class  of  hydrocarbons,  density 
varies  significantly;  this  is  determined  not  only  by  the  molecular 
weight  of  the  hydrocarbons,  but  also  by  the  structure  of  the  isomers. 

Among  the  paraffinic  hydrocarbons,  those  with  three  and  more  methyl 
groups  in  the  molecule  and  located  on  the  same  carbon  atom  or  in  a  row 
show  the  highest  densities.  Paraffinic  hydrocarbons  having  branched  or, 
as  they  are  Sv^me times  called,  comb  structures  are  characterized  by  high 
densities.  Here,  the  number  of  side  chains  must  be  as  large  as  possible, 
their  arrangement  as  compact  as  possible;  the  chain  length  may  be  res¬ 
tricted  to  only  one  methyl  group. 

Thus,  for  example,  the  density  of  n-dodecane  is  0.7487, 

while  that  of  2,2,3|4,5»5-hexainethylhexane  0.7925. 

We  observe  the  same  relationship  for  naphthenic  hydrocarbons  as 
for  paraffinic  hydrocarbons.  As  the  number  of  side  ci^iains  increases  and 
as  they  are  placed  more  compactly  in  the  molecule,  density  rises  mrk- 
edly.  Thus,  for  example,  a  naphthenic  ring  with  side  chains  iTi  the 
ortho  position  have  densities  from  0.795  to  0.8X5  for  Cg  -  C^2 
carbons,  in  contrast  to  hydrocarbons  whose  side  chains  occur  in  the 
meta  position,  which  have  densities  of  0.785  to  O.8OO.  Naphthenic  hydro- 


*v 
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Fig.  54.  Upper-limit  \init -weight 
heat  of  combustion  of  hydrocar¬ 
bons  as  a  function  of  their  st¬ 
ructure  [10].  0)  Paraffinic  hy¬ 
drocarbons  of  normal  and  isome¬ 
ric  structure j  v)  derivatives 
of  cyclohexane  with  normal -st¬ 
ructured  side  chain;  X)  cyclo¬ 
pentane  derivatives  with  nor¬ 
ma.!  -structured  side  chain;  a) 
benzene  ring  with  normal -struc¬ 
tured  side  chain,  l)  Heat  of 
combustion,  kcalAsi  2)  number 
of  carbon  atoms. 


carbons  are  characterized  by  a 
density  increasing  sharply  as  the 
number  of  methyl  groups  in  the  1, 
2/  3,  4,  5,  and  6  positions. 

Like  the  paraffinic  and  naph¬ 
thenic  hydrocarbons,  monocyclic 
aromatic  compounds  have  higher 
densities  as  the  number  of  side 
chains  compactly  arranged  on  the 
benzene  ring  increases.  Thus,  hy- 
carbons  with  side  chains  in  the 
ortho  position  have  densities  hi¬ 
gher  than  those  of  hydrocarbons 
with  the  same  molecular  weight  but 
with  side  chains  located  in  the 


para  and  met  a  positions.  Density  increases  with  increasing  number  of  side 
chains  on  neighboring  carbon  atoms  in  the  benzene  ring. 

Bley  die  compounds  are  distinguished  by  the  highest  densities. 

The  densities  of  hydrocarbons  of  all  classes  increase  with  increas¬ 
ing  number  of  short  side  chains  (methyl  gt'oups)  situated  in  the  molecule 
as  symmetrically  and  compactly  as  possible  as  compared  with  the  densi¬ 
ties  of  the  corresponding  liydrocarbons  having  the  same  molecular  weights 
and  empirical  formulas  but  different  structures. 

Obviously,  a  fuel  with  a  higher  density  and,  consequently,  a  higher 
unit-volume  heat  of  combustion  (Pig.  55)  can  be  obtained  by  forming  mix¬ 
tures  of  hydrocarbons  of  a  definite  chemical  structure. 

Hydrocarbons  having  different  structures  are  present  In  petroleum 
and  in  products  of  refinement  of  petroleum  raw  materials.  Industrial 


techj^iques  for  separating  the  hydrocarbons  and  extracting  them  on  ts.c 


Fig.  55*  Relationship  between  upper-limit 
unit -volume  heat  of  combustion  of  hydro¬ 
carbons  and  number  of  carbon  atoms  in  the 
molecule  [12].  1)  Benzene  ring  with  normal - 
structured  side  chain;  2)  cyclohexane  with 
normal -structured  chain;  3)  cyclopentane 
with  normal -structured  chain;  4)  normal - 
structured  paraffinic  hydrocarbons;  5)  par¬ 
affinic  hydrocarbons  with  single  methyl 
side  group;  6)  paraffinic  hydrocarbons  with 
two  methyl  side  groups  at  the  same  C  atom; 
7)  paraffinic  hydrocarbons  with  two  methyl 
side  groups  on  adjacent  carbon  atoms;  8) 
paraffinic  hydrocarbons  with  three  or  more 
methyl  groups  on  adjacent  carbon  atoms 
(compact  arraiigement);  9)  paraffinic  ^hydro¬ 
carbons  with  single  ethyl  groups;  10)  para¬ 
ffinic  hydrocarbons  with  two  ethyl  groups 
on  the  same  C  atom;  11)  paraffinic  hydro¬ 
carbons  with  two  ethj'l  groups  on  diffei'ent 
c  atoms,  a)  Heat  of  combustion,  kcal/llterj 
B)  number  of  carbon  atoms. 


basis  of  their  structures  are  not  adequately  developed.  The  possibili¬ 
ties  offered  in  this  respect  arc  quita  considerable. 

The  data  listed  in  Table  23  provide  some  conception  of  the  heats 
of  combustion  of  hydrocarbon  fractions  obtained  from  various  raw  ma¬ 
terials  and  by  various  refining  methods* 

As  will  be  seen  from  the  data  in  Table  23,  the  difference  between 
the  maximum  and  minimum  values  of  the  heats  of  combustion  for  the  frac 
tlons  listed,  which  are  of  the  same  chemical  structural  type,  lie  be— 
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TABUS  25 

Limits  of  variation  of  lower-limit  heat  of  combus 
tlon  0,  of  hydrocarbon  mixtures  (In  kcal)  [10] 
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l)  Bolling  range  of  hydrocarbon  fractions,  °C;  2) 
monocyclic  aromatic  hydrocarbons;  3)  naphthenic 
hydrocarbons;  4)  paraffinic  hydrocarbons;  5)  per 
kg;  6)  per  liter. 


tween  30  and  350  kcalAs  the  unit-weight  heat  of  combustion  and  be¬ 
tween  30  and  1100  kcal/liter  for  the  unit -volume  heat.  The  difference 
between  the  unit-volume  heats  of  combustion  for  naphthenic  hydrocarbons 
Is  particularly  large  (700  to  1100  kcal/llter). 

This  last  fact  Indicates^ that  a  conslderabr,e  Increase  In  the  unlt- 
volume  heat  of  combustion  of  the  fuel  as  a  whole  can  be  achieved  by  In¬ 
troducing  certain  Industrial  mixtures  of  naphthenic  hydrocarbosia  Into 
the  fuel. 

SIGNIFICANCE  OF  FUEL  HEAT  OF  C0l©USTI0N  FOR  ENGINES 

During  the  time  when  engines  requiring  hlgh-yleld  liquid  fuels  were 
rapidly  making  their  appearance,  the  importance  of  the  fuel's  heat  of 
combustion  and  the  necessity  of  increasing  it  further  increased  sharply. 
The  difficulty  of  achieving  further  Increases  in  the  heats  of  com¬ 


bustion  of  hydrocarbon  fuels  consists  in  the  fact  that  contemporary 
fuels  have  come  very  close  to  their  limit  as  regards  this  characterlstl*^ 


TABLE  26. 


Heats  of  Fonuatlon  of  Theoretical  Working 
Mixtures  of  Various  Fuels  [13] 
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1)  Fuel;  2)  theoretically  necessary  quantity 
of  air  for  combustion  of  1  kg  of  fuel,  kg; 

3)  heat  of  combustion  of  working  mixture  wlch 
a  ~  1  and  760  mm  Hg,  cal/m3;  4)  aviation  gaso¬ 
line;  5)  automobile  gasoline;  6)  tractor*  kero¬ 
sene;  7)  pyrobenzene;  8)  ethyl  alcohol  (rectl- 
flcate;  9)  methanol. 


However,  the  possibilities  for  Increasing  the  heats  of  combustion 
of  such  fuels  should  not  be  regarded  as  having  been  completely  exhaust¬ 
ed  If,  in  specifying  them,  we  follow  a  more  rational  system  based  upon 
the  creation  of  recipes  for  fuels  of  specific  compositions  from  hydro¬ 
carbons  of  specified  chemical  composlclon. 

Let  us  examine  the  role  taken  by  the  heat  of  ccxnbustlon  of  the 
fuel  in  the  operation  of  modem  engines. 

The  heat  of  combustion  of  the  mixture  entering  a  reciprocating  in¬ 
ternal-combustion  engine  is  approximately  the  same  irrespective  of  the 
Chemical  co'oposition  of  the  liquid  fuel  and,  consequently,  irrespective 
of  its  heat  of  combustiem  (Table  26). 

For  this  reason,  the  power  output  of  a  piston  engine  undergoes  vir¬ 
tually  no  change  as  a  result  of  using  a  fuel  with  a  different  heat  of 
combustion. 

When  a  fuel  with  a  higher  heat  of  coed}ustion  is  used,  more  air  will 


be  used  for  combustion  of  a  unit  weight  of  combustible;  in  other  words, 
the  working  mixture  will  be  leaner;  when  a  fuel  with  a  lower  heat  of 
coinbustion  is  employed,  the  mixture  will  be  richer. 

Consequently,  the  use  of  a  fuel  with  an  elevated  heat  of  combustion 
in  piston  engines  results  in  a  drop  in  the  specific  fuel  consumption, 
a  decrease  in  fuel -tank  capacity  required  for  the  same  range  of  the 
vehicle,  and  a  slight  change  in  the  Jet  section  In  accordance  with  the 
quantity  of  fuel  supplied,  but  does  not  result  in  a  change  in  engine 
power. 

Irrespective  of  the  heat  of  combustion  of  its  fuel,  the  power  deve¬ 
loped  by  a  piston  engine  reamlns  constant. 

For  Jet  and  rocket  engines,  the  thrust  of  which  is  created  solely 
through  the  reaction  forces  of  the  gases  issuing  from  the  nozzle,  the 
fuel's  heat  of  combustion  is  a  siore  important  factor. 

The  thrust  of  an  air-breathing  Jet  engine  is  the  resultant  of  the 
air-  and  gas'-flow  forces  acting  on  the  elements  of  the  engine's  flow¬ 
through  section  and  outer  sui'face.  It  is  directly  proportional  to  the 
quantity  of  air  passing  through  the  engine  and  to  the  outflow  speed  of 
the  gases  passing  through  the  reaction  engine's  noszle. 

The  consumption  of  fuel  by  welgiit  is  only  1.5  to  256  of  the  weight 
of  air  consumed.  The  basic  function  of  the  fuel  is  to  increase  the  kine¬ 
tic  energy  of  the  air,  wMch  Is  expended  on  useful  work  and  compensation 
of  losses.  Consequently,  the  hl^er  the  fuel's  heat  of  combustion,  the 
larger  will  be  the  useful  work  done  by  the  engine. 

To  attain  hl^  efficiency  in  an  air-  breathing  Jet  engine.  It  is 
necessary  to  use  a  fuel  with  the  highest  possible  heat  of  combustion; 
this  will  taake  it  possible  to  increase  the  volume  of  the  gases  euid, 
consequently,  their  outflow  velocity. 

T5ie  issportance  of  increased  heats  of  combustion  for  Jet  fuelr  v. 


become  even  clearer  if  we  recall  that  the  heat  lost  with  the  exhaust 
gases  comes  to  70  to  75^  of  the  heat  liberated  In  combustion  of  the 
fuel,  while  only  14  to  17^  of  the  heat  is  used  at  the  present  time  on 
useful  work  [14]. 

Consequently,  the  use  of  a  fuel  with  an  elevated  heat  of  combus¬ 
tion  in  air-breathing  jet  engines  results  not  only  in  the  advaintages 
listed  for  piston  engines,  but  also  in  an  increase  in  engine  power  and 
the  range  and  speed  of  the  aircraft,  or  a  decrease  in  specific  fuel 
consumption. 

For  a  rocket  engine,  the  importance  of  a  fuel  with  a  high  heat  of 
combustion  is  even  greater.  The  altitude  ability  of  a  rocket  engine  in¬ 
creases  by  as  many  times  as  the  fuel's  heat  of  combustion  is  increased. 
The  use  of  a  fuel  with  a  higher  heat  of  combustion  for  rocket  engines 
results  not  only  in  the  advantages  listed  for  air-breathing  Jet  engines, 
but  also  in  an  increase  in  the  rocket's  altitude  ability. 

The  total  quantity  of  heat  liberated  on  combustion  of  the  fuel  pre¬ 
sent  in  an  engine's  tanks  or  in  any  other  reservoir  may  be  expressed  in 
either  of  two  ways; 

1)  the  product  of  the  unit -weight  heat  of  combustion  by  the  weight 
of  fuel; 

2)  by  the  product  of  the  uiiit -volume  heat  of  combustion  by  the 

volume  of  fuel.  . 

For  a  given  fuel,  these  quantities  are  equal  and  there  is  therefore 
no  necessity  of  using  the  two  values  -  the  unit-weight  and  unit-volume 
heats  of  combustion  -  simultaneously. 

In  practice,  only  the  unit-volume  heat  of  combustion  is  convenient 
to  use  in  cases  where  the  fuel-tank  capacity  is  limited  and  the  fuel 
tanks  are  filled  to  the  brim  when  operation  of  the  engine  begins.  Here 
it  is  unnecessary  to  know  the  unit -weight  heat  of  combustion  of  the  fuel. 
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Only  the  unit-weight  heat  of  combustion  Is  conveniently  used  In 
cases  where  fuel-tajtik  capacity  Is  sufficiently  large  and  may  not  be 
completely  filled  with  fuel,  as  well  as  when  the  specific  gravity  of 
the  fuel  Is  so  high  that  the  possibility  of  overloading  the  aircraft 
with  fuel  must  be  considered.  Here  It  Is  not  necessary  to  know  the  value 
of  the  fuel's  unit -volume  heat  of  combustion. 

Consequently,  we  may  use  either  the  unit -volume  or  the  unit -weight 
heat  of  combustion  of  the  fuel,  depending  on  the  mission  Involved. 

It  must  be  remembered  that  an  aviation  fuel  with  an  elevated  dens¬ 
ity  will  take  preference  only  where  the  increase  In  heat  of  combustion 
outweighs  the  loss  of  the  energy  that  must  be  expended  as  a  result  of 
the  Increased  flight  weight  of  the  aircraft  when  the  latter  Is  loaded 
with  the  heavier  fuel. 

The  criterion  for  energy  evaluation  of  a  fuel  will  be  the  specific 
heat  of  combustion  of  the  fuel  loaded  referred  to  a  unit  of  the  mach¬ 
ine's  flight  weight. 
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Chapter  8 


SCALING  AND  VARNISH- FORMING  ABILITIES  OP  FUELS 

SCALE 

Scale  Is  a  term  applied  to  the  solid  carbonaceous  materials 
that  form  during  operation  of  Internal- combustion  engines  on  the 
walls  of  the  combustion  chamber,  the  piston  heads,  the  upper  land 
of  the  piston  up  to  the  first  compression  ring,  on  the  valves  and 
on  the  spark  plugs.  In  reciprocating  engines,  scale  Is  deposited  on 
the  components  In  the  form  of  a  relatively  thin  layer  only  a  few 
millimeters  thick  and  having  a  rough  surface.  In  jet  engines,  the 
thickness  of  the  scale  formed  on  the  combustion- chamber  walla  may 
reach  several  centimeters. 

The  color  of  the  scale  Is  usually  black,  but  it  may  also  assume 
any  other  color  -  red,  brown  and  even  white;  It  all  depends  on  the 
materials  that  form  It. 

Scale  may  be  formed  from  either  the  fuel  or  the  oil.  In  the 
antechambers  of  diesels,  to  which  oil  has  virtually  no  access,  and 
In  the  combustion  chambers  of  Jet  engines  when  the  fuel  is  burned 
without  any  oil  additive,  scale  of  purely  fuel  origin  Is  deposited 
on  the  walls.  In  compressors,  the  scale  Is  formed  solely  from  the 
oil.  In  carburetor  engines,  and  In  the  main  combustion  chambers  of 
diesels,  scale  Is  formed  from  fuel  and  oil  simultaneously. 

Depending  on  the  engine’s  operating  conditions,  the  temperature 
of  the  surface  onto  which  the  scale  Is  deposited,  the  quality  of  the 
fuel  and  oil,  and  the  materials  entering  the  combustion  chamber  to- 
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gether  with  the  air,  fuel  and  oil,  the  composition  and  properties  of 
the  scale  deposits  vary.  Consequently,  different  types  of  scale  are 
deposited  on  different  components  even  in  the  same  combustion  chamber; 
T;he  'scale  fornied  oh  the  intak^'vaTve 'differs  from  the  scale  formed  on 
the  exhaust  valve,  and  the  valve  scale  differs,  in  turn,  from  the  scale 
formed  on  the  piston  head  and  on  the  combustion-chamber  walls.  Further, 
different  layers  of  the  same  scale  differ  from  one  another  as  regards 
chemical  composition. 

Scale  consists  of  carbon,  oxygen,  hydrogen  and  other  elements 
(iron,  lead,  silicon  etc. ),  the  quantity  of  which  may  vary  over  a  very 
wide  range.  For  example,  when  an  engine  is  operated  on  unethylated 
gasoline,  the  scale  removed  from  the  piston  dome  consists  approximately 
of  72-725^  carbon,  17-20J^  oxygen,  and  4-5^  of  hydrogen;  the  noncombus¬ 
tible  part  of  the  scale,  on  the  other  hand,  amounts  to  only  a  few 
percent.  However,  in  the  case  of  engine  operation  on  leaded  gasoline, 
the  scale  may  be  found  to  contain  an  much  as  60-90%  of  lead  compounds. 
It  is  customary  to  characterize  scale  on  the  basis  of  its  chemical 
con5)osltlon,  expressing  its  components  in  terms  of  th^lr  percentages; 
oil,  asphaltenes,  carbenes,  carbolds  and  ash.  If  necessary,  the  ash 
is  analyzed  for  qualitative  and  quantitative  determination  of  its 
contents  of  various  elements  (iron,  lead,  barium,  silicon  and  others). 

'Hiere  are  two  possible  ways  in  which  scale  may  form  in  internal- 
combustion  engines:  l)  as  a  result  of  deposition  of  carbon  black  on 
the  components  together  with  various  compounds  that  form  on  combustion 
of  fuel  and  oil  vapcrs;  2)  as  a  result  of  the  profound  changes  to 
which  the  fuels  and  oils  are  subject  when,  in  liquid  form,  they  strike 
the  hot  parts  of  the  engine.  These  two  routes  of  scale  formation  in 
internal- combustion  engines  are  intimately  Interrelated. 

Hot  all  of  the  scale  that  forms  on  combustion  of  the  fuel  re- 
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mains  on  the  components.  The  basic  mass  is  carried  out  of  the  combus¬ 
tion  chamber  together  with  the  exhaust  gases,  some  quantity  of  it  en¬ 
ters  the  crankcase,  and  only  a  very  minor  fraction  of  all  of  the  scale 
formed  remains  on  the  combust ion -chamber  components.  We  would  there¬ 
fore  draw  a  distinction  between  the  scaling  ability  of  a  fuel  and  the 
quantity  of  scale  that  is  deposited  on  the  components,  since  the  lat¬ 
ter  depends  not  only  on  the  fuel,  but  also  on  a  number  of  other  fac¬ 
tors. 

Influence  of  Fractional  Composition  on  Scaling  Ability  of  Fuel 

It  is  a  general  qualitative  rule  for  all  fuels,  irrespective  of 
the  type  of  engine  for  which  they  are  Intended,  that  their  tendency  to 
scaling  rises  as  their  fractional  composition  becomes  heavier. 


TABLE  27 

Scaling  AbllltleG  of  Various  Fuels 
[1] 
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1)  Fuel;  2)  temperature  of  lOjS  dis¬ 
tillation,  OC;  3)  weight  of  scale, 
grams;  4)  aviation  gasoline;  5)  ke¬ 
rosene;  o)  diesel  fuel  I;  7}  diesel 
fuel  II. 

Using  a  laboratory  apparatus  that  reproduced  the  basic  parameters 
of  a  gas-tui'bine  engine's  combustion  chamber,  Starkman,  Cataneo  and 
Allister  investigated  the  scaling  ability  of  commercial  fuels  of  vari¬ 
ous  fractional  compositions  [1],  The  results  that  they  obtained  (Table 
2't)  indicated  that  the  tendency  of  commercial  fuels  to  form  scale  in¬ 
creases  as  their  vaporlzabllity  diminishes  and  their  fractional  compo- 
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sitions  become  heavier. 

It  was  also  established  in  tests  run  on  this  laboratory  apparatus 
with  various  individual  hydrocarbons  that  the  tendency  of  paraffinic, 
naphthenic  and  aromatic  hydrocarbons  to  form  scale  diminishes  with  di¬ 
minishing  boiling  point. 

Shore  and  Ockert  [2]  studied  the  mechanism  of  scaling  and  the  in¬ 
fluence  of  fuel  fractional  composition  with  the  aid  of  radioactive 
isotopes.  They  showed  that  as  the  boiling  point  of  the  hydrocarbons 
rises,  their  tendency  to  scale  also  rises,  with  this  increase  becoming 
most  distinctly  expressed  at  a  boiling  point  of  about  200°.  It  was 
found  that  98.3^  of  the  entire  quantity  of  gasoline  Introduces  only 
35S^  of  the  entire  hydrocarbon  part  of  the  scale,  while  the  remaining 
65J^  of  the  scale  is  formed  by  the  tailings  of  the  gasoline,  which 
amount  to  only  1.  75^* 

Investigation  of  a  series  of  commercial  fuels  by  the  PZI  method 
has  shown  that  a  Type  T-1  fuel  with  a  boiling  range  of  128  to  279°  has 
a  scaling  ability  of  the  order  of  100  to  140  mg/kg,  while  the  heavier 
diesel-type  fuels  (179  to  350°)  give  2^5  to  265  mg/kg  and  solar  oil, 
which  boils  in  the  range  from  30O  to  365°  gives  36O  mg, /kg  [3]. 

The  present  authors  obtained  similar  results  with  the  assistance 
of  A. A.  Gureyev  in  investigating  four  thermal -cracking  gasolines  with 
various  fractional  compositions  in  an  automobile  engine  equipped  with 
scaler  inserts  [4].  All  four  gasolines  were  produced  from  the  same 
initial  specimen  by  separation  of  the  high-boiling  fractions  by  simple 
rectification.  These  gasolines  showed  only  minor  practical  differences 
as  regards  their  group  chemical  composition.  As  the  fractional  composi¬ 
tion  of  the  gasoline  became  lighter,  however,  its  tendency  to  scale 
formation  dropped  off  sharply  (Table  28). 

In  earlier  studies,  investigators  did  not  always  find  a  link  be- 
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tween  the  vaporizablllty  of  fuels  and  their  tendency  to  form  scale, 
particularly  when  they  were  comparing  gaseous  fuels  such  as  natural 
gas  and  hydrogen  with  gasoline.  For  example,  Buman  [5]  found  no 
marked  difference  In  scaling  properties  In  tests  of  hydrogen  emd  avia¬ 
tion  gasoline  In  a  single -cylinder  apparatus.  According  to  Gruse  [6], 
the  wide  variations  In  the  vaporizablllty  of  both  fuels  —  ranging  from 
that  of  natural  gas  to  that  of  gasoline  with  a  terminal  boiling  point 
of  225°  —  exerted  no  noticeable  Influence  on  scaling  in  an  engine  in 
operation  with  a  constant  excess -air  ratio.  The  quantity  of  scale  re¬ 
moved  from  the  cylinder  head  and  referred  to  1  liter  of  oil  consumed 
remained  practically  constant.  But  the  author  notes  In  this  connection 
that  a  considerable  increase  In  scaling  was  observed  in  operation  on 
heavier  fuels  —  llgroln  and  kerosene  —  as  a  result  of  poorer  carbure- 
tion  of  the  fuel  and  the  lower  flame  temperature. 


TABLE  28 


Influence  of  Fractional  Composition  of  Thermal- 
Cracking  Gasoline  on  Its  Scaling  Ability 
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1)  Thermal -cracking  gasoline;  2)  density  3) 

fractional  composition,  ®C5  4)  start  of  boiling; 
3}  end  of  boiling;  6)  Iodine  number,  g  of 
lodlne/lOO  ^  of  gasoline;  7)  hydrocarbon  coiapo- 
sltlon,  percent;  8)  unsaturated;  9)  aromatic; 

10)  naphthenes  and  paraffins;  11)  scaling  abil¬ 
ity,  mg/hour:  12)  Initial  gasoline,  final  boil¬ 
ing  2050 ;  13)  same  gasoline,  final  boiling  1900; 
14)  same  gasoline,  final  boiling  175*^;  15)  same 
gasoline,  final  boiling  I600. 
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The  existence  of  contradictory  data  is  apparently  to  be  accounted 
for  by  the  deficiencies  of  the  methods  used  earlier,  which  did  not 
permit  ascertaining  the  differences  between  the  scaling  abilities  of 
fuels  with  only  slightly  different  vaporizabillties. 

At  the  present  time,  most  researchers  come  to  the  conclusion  that 
(all  other  conditions  the  same)  fuels  of  heavy  fractional  composition 
are  more  inclined  to  form  scale  than  are  fuels  of  light  fractional 
composition. 

Influence  of  Chemical  Composition  on  Scaling  Ability  of  Fuel 

The  scaling  ability  of  a  fuel  depends  heavily  on  its  chemical 
composition.  Researchers  have  noted  a  particularly  distinct  rise  in 
tendency  to  scale  in  the  aromatic  hydrocarbons. 

In  an  investigation  of  the  Influence  of  the  structure  and  boiling 
point  of  a  hydrocarbon  on  its  tendency  to  form  scale  in  internal -com¬ 
bustion  engines.  Shore  and  Ockert  [2]  added  the  hydrocarbons  to  be 
studied  to  the  fuel  after  tagging  them  with  radioactive  carbon.  The 
activity  of  the  scale  was  measured  after  the  tests  and  the  extent  to 
which  the  hydrocarbons  investigated  had  participated  in  scaling  was 
determined  (see  below  on  foreign  techniques). 

They  found  that  with  identical  boiling  points  of  the  hydrocarbons, 
the  paraffins  manifest  the  least  tendency  to  form  scale,  followed  by 
the  naphthenes  and  olefins.  The  aromatic  hydrocarbons  and  the  blcy- 
clic  hydrocarbons  in  particular  showed  the  strongest  tendency  to  scal¬ 
ing.  The  scaling  abilities  of  the  aromatic  hydrocarbons  is  approxi¬ 
mately  3  times  that  of  paraffinic  hydrocarbons  with  the  same  boiling 
point. 

Investigations  of  scaling  by  mixtures  of  cetane  (in  mg/kg)  with 

-  * 

a-methylnaphthalene  by  the  PZI  method  [3]  showed  that  as  the  content 
of  a-methylnaphthalene  in  the  mixture  increases,  its  scaling  tendency 
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increases  [2]. 


Cetane  (standard)  .  110 

cetane  +  20^  a-methylnaphthalene . 125 

605^  cetane  +  40^  a-methylnaphthalene . 215 

40^  cetane  +  60^  a-methylnaphthalene  .  230 


In  a  test  of  B-70  aviation  gasoline  mixed  with  benzene  and  tolu¬ 
ene  in  an  automobile  engine,  scaling  Increased  with  increasing  content 
of  aromatic  hydrocarbons  in  the  gasoline. 

It  was  shown  by  the  Investigations  of  Splndt  and  Wolfe  [73  on  a 
two-cylinder  Galf  [slcj  Half?]  engine  in  which  one  piston  had  been  re¬ 
placed  by  an  equalizing  mechanism  in  conjunction  with  a  special  40- 
hour  procedure  that  pai'affins  and  olefins  exert  Insignificant  influ¬ 
ence  on  the  tendency  of  the  fuel  to  form  scale.  Complex  dlolefins  and 
aromatic  hydrocarbons  with  olefinlc  chains,  on  the  other  hand,  aggra¬ 
vate  the  scaling  properties  of  the  fuel  considerably.  Selective  puri¬ 
fication  (SOg)  enabled  them  to  reduce  the  aromatic -hydrocarbon  con¬ 
tent  in  the  fuel  from  31  to  the  content  of  unsatiirated  hydrocar¬ 
bons  dropped  unnoticeably  when  this  was  done.  However,  the  scaling 
ability  of  the  fuel  showed  virtually  no  change.  On  the  basis  of  these 
experiments,  they  concluded  that  the  unsaturated  hydrocarbons  deter¬ 
mine  the  fuel's  tendency  to  form  scale  to  a  considerably  greater  de¬ 
gree  than  do  the  aromatic  hydrocarbons. 

Strongly  branched  aliphatic  hydrocarbons  (diisobutylene  and  Iso- 
pentenes)  produce  only  an  insignificant  Increase  in  scaling.  Although 
it  polymerizes  easily,  styrol  does  not  produce  an  Increase  in  the  de¬ 
posits;  a-methylstyrol  (an  aromatic  olefin)  increases  scaling  consid¬ 
erably. 

The  basic  source  of  scaling,  according  to  the  results  of  these 
reseai'ches,  is  the  diolefln  content.  On  addition  of  tert -butyl  perox- 
Ide  to  the  fuel,  it  was  found  that  the  hydroperoxides,  which  increas vti 


the  rates  of  oxidation  reactions,  contribute  to  a  considerable  Increase 
in  the  fuel’s  scaling  tendency  (Fig.  56). 
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Fig.  56,  Changes  in  scaling  ability  of 
fuel  on  addition  of  various  hydrocarbon 
compounds.  X  —  X  is  the  line  for  the 
standai’d  fuel,  taking  the  error  range  in* 
to  account.  A)  Fuel  with  minor  tendency 
to  scallngj  b)  fuel  with  considerable 
tendency  to  scaling;  C)  2%0^  diisobuty¬ 
lene;  D)  Isoheptanes;  E)  0.45(5  vinyl- 
cyclohexane;  P)  0.5^  styrol;  G)  0.4^  a- 
methylstyrol;  H)  0,02^  N,N  ’  -di -sec -butyl- 
p-phenylenediamine;  l)  0.2S$  terb-butyldl* 
tiydx'operoxide. 


In  investigating  various  individual  hydrocaH>ons  and  consneroial 
fuels  in  the  combustion  d^tamber  of  an  air-breathing  Jet  engine,  Ya-H* 
Faushkin  showed  [S]  that  with  Increasing  ratio  of  carbon  to  hydrogen 
in  the  fuel,  the  scaling  ability  of  the  fuel  increases.  It  was  noted 
slfiiultaneously  that  the  tendency  of  the  fuel  to  form  scale  increases 
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as  Its  boiling  point  Increases. 

Influence  of  Ethyl  Fluid  on  Scaling  Ability  of  Fuel 


Of  all  of  the  fuel  additives  used^  the  antiknock  compound  tetra¬ 


ethyl  lead  exerts  the  strongest  influence  on  scaling  [9]. 


Pig*  57.  Influence  of  te¬ 
traethyl  lead  on  composi¬ 
tion  and  quantity  of 
scale  in  combustion  cham¬ 
ber.  1)  Quantity  of  scale, 

fS  2)  volume  content  of 
etraethyl  lead  in  gaso¬ 
line,  % 


VJhen  ethylated  gasolines  are  burned 
amounts  up  to  about  2%  of  the  lead  pre¬ 
sent  In  the  original  gasoline  remain  in 
the  engine.  Considerable  quantities  of 
various  lead  compounds  accumulate  in  the 
scale  (Pig.  57).  As  a  result,  several 
times  the  amount  of  scale  deposited  In 
operation  on  unethylated  gasolines  is 
deposited  In  the  combustion  chambers  of 
engines  burning  ethylated  gasolines. 

As  a  rule,  scaling  in  the  engine 
increases  with  increasing  concentration 
of  tetraethyl  lead  In  the  fuel,  and  this 


applies  with  equal  force  for  both  the 


Initial  stages  of  scaling  and  for  scale  that  has  already  reached  its 


equilibrium  state. 

Influence  of  Sulfur  on  Scaling  Ability  of  Fuel 

In  the  opinion  of  most  investigators,  the  tendency  of  a  fuel  to 


scale  formation  increases  with  increasing  sulfur  content  in  the  fuel 
[10].  This  was  demonstrated  in  220-hour  stand  tests  of  four-cylinder 
carbureted  engines  that  were  carried  out  at  the  NAMI  (Table  29). 
According  to  Olbaon  et  al.  [11] >  eoallng  also  increases  in  an 


automobile  engine  with  Incresialng  content  of  sulfur  in  an  ethylated 
gasoline  consisting  of  a  mixture  of  crackitig  and  direct-distilled  gas¬ 
olines. 


Quantity  of  sulf<ir  in  ethylated  gasoline,  ^ 
Weight  of  scale  formed  In  engine  during 
100 -hour  test, 

In  steady  operation  . 

In  variable  operation  . 


0. 05  0. 30 


56 


112 

84 


TABLE  29 

Influence  of  Quantity  of 
sulfur  In  gasoline  on  Its 
scaling  ability 
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In  tests  on  sulfur -containing  diesel 
fuels  burned  in  a  D-35  tractor  engine, 
N.G.  Puchkov  [12]  found  a  considerable 
Increase  In  the  quantity  of  scale  on  the 
piston  dome  (in  grains)  as  the  sulfur  con¬ 
tent  In  the  fuel  Increased. 


Standard  sulfur - 
free  fuel 
Fuel  containing 
0.  SQjS  sulfur 
Fuel  con  alnlng 
0.89$^  sulfur 


5.4 

12.4 

18.1 


TABLE  30 

Influence  of  Hydraulic  Purification  of  Fuel  on 
Scaling 
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1)  Fuel;  2)  quantity  of  scale,  g;  3)  on  dome  of 
piston;  4)  on  upper  band  of  cylinder  sleeve;  5) 
containing  1.0^  of  sulfur  (before  hydi*aullo  pu¬ 
rification);  6)  containing  0.03^  of  sulfur  (af¬ 
ter  hydraulic  purification). 


Similar  data  were  obtained  by  I. I.  Gershman  and  I. A,  Traktovenko 
(13]  In  500-hour  tests  of  a  lightened  diesel  fuel  containing  0.46$^  of 
sulfur  and  a  standard  fuel  containing  0.059^  of  sulfur  In  a  two-cycle 
yaAZ-204  automobile  diesel.  In  operation  on  the  high-sulfur  fuel,  ap¬ 
proximately  one  and  one-half  times  as  much  scale  formed  on  the  engine 
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components  than  formed  with  the  standard  fuel,  despite  the  fact  that 
the  latter  had  a  somewhat  heavier  fractional  composition. 

As  a  result  of  100-hour  tests  on  fuels  from  sulfur-bearing  petro¬ 
leums  In  marine  diesels,  M.S.  Smirnov  [14]  showed  that  when  the  sulfur 
content  In  the  fuel  Is  reduced  by  hydraulic  purification  from  Ift  to 
0.035^,  scaling  Is  reduced  by  a  factor  of  1.5  to  2  (Table  30). 

Sulfur  present  In  the  fuel  Influences  not  only  the  quantity  of 
scale  formed,  but  Its  properties  as  well.  Sulfur  compounds  accumulate 
In  the  scale  and  raise  Its  density  [15]. 


Quantity  of  sulfur  in  fuel,  % . 0. 08  1.50 

Quantity  of  sulfur  In  scale,  % .  1  9 

Density  of  scale,  g/cm3  .  0.03  0.50 


CONSEQUENCES  OP  SCALE  FORMATION 

Scale  on  combustion -chamber  walls  has  a  detrimental  Influence  on 
the  processes  unfolding  In  the  engine  and,  aunong  other  things,  results 
In  reduced  efficiency,  power  and  economy  of  the  engine,  raises  the  re¬ 
quirements  as  to  the  antiknock  properties  of  the  fuel,  disturbs  the 
normal  combustion  process  as  a  result  of  uncontrolled  premature  and 
surface  Ignition,  In  which  the  impact  loads  on  the  engine  components 
Increase  and  Its  operating  reliability  drops  sharply,  and  causes  mis¬ 
firing  In  the  ignition  system  and  burning  of  the  valves. 

Power  Losses 

As  a  result  of  scale  foroation  in  the  combustion  chamber,  the 

\ 

sise  of  the  combustible  mixture  drawn  in  is  reduced  and  the  indicated 
and  effective  efficiencies  decline,  with  the  result  that  the  engine 
loses  power. 

Tho  influence  of  ecallng  in  reducing  the  power  of  the  engine  de¬ 
pends  considerably  on  the  engine's  opei^atlng  conditions.  According  to 
Paige  and  Mueller  [16],  more  scale  forms  under  steady  operating  ccutdi- 
tions  with  a  given  fuel  and  a  given  oil  than  in  a  variable 
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regime;  the  magnitude  of  the  power  lost  in  the  steady  mode  is  accord¬ 
ingly  also  larger. 

The  use  of  various  grades  of  fuels  and  oils  over  a  wide  range 
produces  even  more  rapid  scaling  and,  accordingly,  causes  larger  power 
losses  (Fig.  58).  In  a  number  of  oases,  the  power  loss  due  to  scaling 
reaches  10  -  when  ethylated  gasolines  are  used. 

Increase  in  Required  Gasoline  Octane  Number 

Operating  practice  with  internal -combustion  engines  has  estab¬ 
lished  that  as  mileage  is  accumulated  with  a  motor  vehicle  or  when  an 
engine  operates  for  a  long  time  under  the  same  conditions,  the  re¬ 
quired  octane  number  of  the  gasoline  rises  as  a  result  of  scale  forma¬ 
tion. 

The  Increased  tendency  of  the  engine  to  knock  due  to  scale  for¬ 
mation  is  accounted  for  firstly  by  the  poor  thermal  conductivity  of 
the  scale,  which  leads  to  a  rise  in  the  temperature  of  the  gaseous 
mixture  and  the  surface  of  the  scale  on  the  combustion-chamber  compon- 
ents  and  accelerates  the  oxidation  reactions  that  contribute  to  de¬ 
tonation;  secondly,  by  the  decreased  combustion-chamber  volume  and  the 
corresponding  Increase  in  the  engine's  compression  ratio;  thirdly,  by 
the  catalytic  effect  of  the  scale,  which  gives  rise  to  chemical  reac¬ 
tions  that  produce  detonation. 

Depending  on  the  operating  conditions  of  the  engine  and  the  scal¬ 
ing  ability  of  the  fuel,  the  required  octane  number  rises  by  an  aver¬ 
age  of  7  to  x7  units  [17]  and,  in  some  cases,  by  28  octane  units  [18]. 

Tetraethyl  lead  in  the  gasoline  causes  different  changes  in  the 
required  octane  number  in  accordance  with  the  operating  conditions  of 
the  engine.  Operational  tests  of  six  motor  vehicles  (193  on  unethyl¬ 
ated  gasoline  and  on  gasoline  containing  0.4  and  1.1  ml  of  tetraethyl 
lead  per  1  kg  (two  automobiles  operated  on  each  fuel)  established  that 
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Pig.  Powers-  loss- as^  a  result  of  scaling 
under  various  sets  of  engine  operating  condi¬ 
tions.  1)  Power  loss;  2)  scale  weight.  A) 
Power  loss  or  deterioration  of  dynamic  indi¬ 
ces  as  a  result  of  scaling.  %i  B)  operation 
on  one  fuel  and  one  oil;  C;  constant  speed 
and  load;  D)  variable;  E)  operation  of  trucks 
under  severe  conditions;  P)  various  fuels  and 
oils;  g)  constant  speed  and  load;  H)  opera¬ 
tion  of  passenger  automobiles;  I)  10  tests; 
j)  12  tests;  K)  scale  deposit, 


in  operation  on  etliylated  gasoline,  the  requirements  for  antiknock 
properties  in  the  fuel  rose  moat  rapidly  during  the  first  6400  km  and 
reached  a  aaxinana  at  about  8000  km;  the  figure  then  remained  unchanged 
In  further  tests.  In  operation  on  unethylated  gasoline,  the  maximum 
had  not  been  reached  even  at  16,000  km. 


Incandescence  Ignition 

Detonation  due  to  premature  Ignition  of  the  mixture  by  glowing 
gcale  particles  may  be  observed  in  hlgh-compresslon  engines.  This  ef¬ 
fect  is  superficially  similar  to  ordinary  detonation,  but  is  accom¬ 
panied  by  a  more  ringing  knock  and  is  unstable  from  cycle  to  cycle.  It 
may  be  eliminated  by  using  a  gasoline  with  a  weaker  tendency  to  scal¬ 
ing,  special  additives  that  modify  the  scale,  or  higher-octane  gaso¬ 
lines  [203.  Another  disturbance  to  the  combustion  process  in  the  en¬ 
gine  as  a  result  of  incandescence  Ignition  —  namely,  simultaneous  ig¬ 
nition  of  the  mixture  at  several  points  of  the  combustion  chamber  by 
Incandescent  scale  particles  -•  has  come  to  be  known  as  surface  igni¬ 
tion. 

Strictly  speaking,  surface  ignition  implies  an  abnormal  combus¬ 
tion  process  of  the  mixture  in  the  combustion  chamber  that  is  accounted 
for  by  the  appearance  of  a  flame  front  not  as  a  result  of  normal  igni¬ 
tion  from  the  plug  spark,  but  as  a  result  of  ignition  at  any  hot  spot 
or  surface.  Glowing  scale  particles  and  overheated  combustion-chamber 
elements  (valves,  spark-plug  housings,  etc.)  may  form  such  Ignition 
sources.  Surface  ignition  occurs  in  two  forms:  l)  ignition  that  occurs 
before  the  spark,  which  is  known  as  premature  ignition,  and  2)  igni¬ 
tion  arising  after  the  Ignition  spark  has  appeared  (in  advance  of  the 
flame  front) ,  which  is  known  as  delayed  ignition. 

Surface  ignition  of  the  mixture  results  in  a  very  rapid  and 
"hard”  course  of  the  combustion  process  and  is  accompanied  by  loud 
knocks  at  a  frequency  lower  than  that  of  detonation  (500  to  16OO  and 
5OOO  to  10,000  cycles,  respectively);  in  this  case,  combustion  is 
characterised  by  a  higher  rate  of  pressure  increase,  a  higher  maximum 
pressure,  and  displacement  of  the  maximum  pressure  toward  top  dead  cen¬ 
ter. 
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Surface  Ignition  imposes  impact  loads  on  the  components  >.  reduces 
the  efficiency  of  the  engine  by  iyj(>  [21,  22],  results  in  overheating 
and  damage  to  the  components,  sharply  reduces  the  gain  achieved  by  us¬ 
ing  higher  compression  ratios,  and  lowers  the  operating  dependability 
of  the  engine  as  a  whole. 

The  use  of  tetraethyl  lead  to  increase  the  antiknock  property  of 
gasolines  contributes  simultaneously  to  the  appearance  of  surface  ig¬ 
nition  in  the  engine.  The  intensity  of  surface  ignition  reaches  such 
significant  levels  in  many  cases  that  it  completely  nullifies  the  an¬ 
tiknock  effect  of  the  tetraethyl  lead.  The  increased  tendency  of 
ethylated  gasolines  to  Incandescence  Ignition  is  accounted  for  by  the 
fact  that  certain  lead  compounds  catalytically  lower  the  ignition 
temperatures  of  the  carboniferous  scale  deposits.  For  example,  the 
self -ignition  temperature  of  carbon  (carbon  black)  in  the  presence  of 
lead  compounds  is  reduced  from  500  to  200  -  230*^ j  scale  particles  in 
the  combustion  chamber  begin  to  glow  and  assume  temperatures  high 
enough  to  cause  premature  ignition  of  the  mixture. 

In  addition  to  increasing  scaling,  the  presence  of  aromatic  hy¬ 
drocarbons  in  the  fuel  also  causes  a  marked  rise  in  its  tendency  to 
Incandescence  ignition  ^n  the  engine  [23,  24].  Jonson  ran  tests  on  a 
motor  vehicle  into  which  an  engine  with  a  10-to-l  compression  ratio 
had  been  Installed,  under  conditions  simulating  city  driving.  The 

tests  were  conducted  on  an  aromatic  fuel  with  a  research  octane  number 

\ 

of  106.  After  the  automobile  had  traveled  certain  distances,  the  in¬ 
tensity  of  Incandescence  ignition  was  evaluated  by  the  number  of  in¬ 
candescent  flashes  (Pig,  59).  Here  it  was  established  that  as  mileage 
and  scale  accumulated,  the  intensity  of  Incandescence  ignition  in¬ 
creases;  here,  the  number  of  Incandescent  flashes  was  approximately 
1.5  to  2  times  as  large  with  aromatic  fuel  than  with  paraffinic  fuel, 


although  the  octane  number  cf  the  ;:iromatic  fuel  was  1  point  higher 
than  that  of  the  paraffinic.  According  to  Hopkins,  Pecora  and  Alpert 
[24],  the  intensity  of  incandescence  ignition  was  approximately  50 
cent  higher  when  a  fuel  containing  of  aromatic  hydrocarbons  was 


Pig*  59*  Variation 
of  number  of  incan¬ 
descent  flashes  as 
a  function  of  dis¬ 
tance  traveled.  1) 
Aromatic  fuel,  re¬ 
search  octane  no. 
106 j  2)  paraffinic 
fuel,  research  oc¬ 
tane  no.  105*  A) 
Number  of  incandes¬ 
cent  flashes;  B) 
distance  traveled, 
km. 


Pig.  60.  Results  of 
tests  on  engine  with 
spherical  combustion 
chamber  and  compres¬ 
sion  ratio  of  12  run¬ 
ning  on  various  fuels. 
1)  0^  of  aLTomatic  hy¬ 
drocarbons;  2)  30^  of 
aromatics;  3)  30%  of 
aromatics  with  addi¬ 
tive  (0.45^).  A)  Total 
number  of  incandes¬ 
cent  flashes;  B)  mile¬ 
age  on  vehicle,  km;  C) 
number  of  incandescent 
flashes  at  1600  km. 


used. 


The  same  authors  also  indicated  that  the  addition  of  a  phosphate 
additive  in  an  amount  of  0.4$^  to  the  aromatic  fuel  reduced  the  inten¬ 
sity  of  incandescence  ignition  in  the  engine  considerably  (Pig.  60). 

In  the  presence  of  the  phosphorus  compounds,  lead -phosphorus  com¬ 
plexes  form;  unlike  the  lead  compounds,  these  caused  only  an  insig¬ 
nificant  drop  in  the  ignition  temperature  of  the  carbon  and  thereby 
reduced  the  ability  of  the  scale  to  act  as  a  source  of  mixture  igni¬ 
tion  in  the  cylinder. 
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A  boron  additive  also  reduces  surface  ignition  by  softening  the 
scale  deposited  on  the  hot  surfaces  of  the  engine's  combustion  cham¬ 
ber;  once  the  scale  Is  softened.  It  Is  scavenged  out  more  easily  and 
the  self -cleaning  action  of  the  engine  is  Improved.  A  particularly 
sharp  reduction  Is  observed  in  the  deposition  of  lead  scale  on  the 
exhaust  valves  when  a  boron  additive  Is  used  with  ethylated  gasolines. 
Spark-Plug  Misfiring 

Deposition  of  lead  compounds  on  the  electrodes  of  the  spark  plugs 
results  in  short  circuiting,  so  that  the  engine  begins  to  miss  and  Its 
power  drops  noticeably. 

Scaling  on  the  spark  plugs  of  aviation  engines  has  resulted  In 
airplane  crashes  [253. 

The  Importance  of  this  problem  in  automotive  transportation  is 
indicated  by  the  results  of  tests  on  I50  vehicles,  over  40^  of  which 
had  trouble  due  to  spark  plug  failure  resulting  from  scaling  and 
scratching  of  the  contacts  [20]. 

METHODS  OF  EVALUATING  SCALING  ABILITY  OF  FUELS 
Soviet  Methods 

Two  standard  laboratory  methods  for  indirect  evaluation  of  fuel 
scaling  ability  are  known;  the  method  in  which  the  cokablllty  of  the 
lOjS  fuel  residue  la  determined  (GOST  5061-49)  and  the  method  Involving 
determination  of  the  smokeless -flame  height  (GOST  4338-48).  The  first 

N 

method  Is  used  to  get  an  arbitrary  evaluation  of  the  scaling  proper¬ 
ties  of  diesel  fuels  and  the  second  for  Jet  fuels  (see  Chapter  3)-  The 
Indices  obtained  by  these  methods  give  a  conception  extremely  remote 
from  the  actual  scaling  ability  of  the  fuel.  More  dependable  results 
are  obtained  when  fuels  are  tested  In  single -cylinder  or  full-scale 
engines  (although  this  Is  a  more  complex  task). 

Up  to  the  present  time,  scaling  has  been  determined  In  the  raajor- 
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ity  of  cases  by  running  lor^?; -term  motor  tests  with  subsequent ,  dis¬ 
mantling  of  the  engines  to  determine  the  quantity  of  scale  that  has 


Pig.  6l.  General  appearance  of  scaler,  a) 
Clean]  b)  with  scale. 


formed  on  the  components.  In  con¬ 
ducting  prolonged  tests,  it  is 
difficult  to  Insure  rigorously 
Identical  assembly  and  geometrical 
dimensions  In  the  components  of 
the  various  engines  or  even  in  the 
same  engine  before  each  test]  It 
Is  difficult  to  maintain  uniform¬ 
ity  in  the  test  conditions  over 
many  hours'  engine  operation,  so 
that  large  discrepancies  between 
the  results  are  frequently  ob¬ 
served  even  for  parallel  tests. 

It  should  be  noted  in  addition  that  running  long-term  tests  is  a 
complex  and  expensive  operation*  As  a  result,  it  becomes  difficult  and 
sometimes  even  Impossible  to  establish  an  exact  relationship  for  the 
scaling  ability  of  a  fuel  as  a  function  of  various  factors  and,  need¬ 
less  to  say,  the  Idea  of  runiyLng  long-term  tests  on  an  engine  every 
day  for  monitoring  purposes  cannot  even  be  considered. 


Pig.  62,  Cylinder  and  antecham¬ 
ber  of  IT9-3  apparatus  with 
scaler,  l]  Piston;  2}  valve;  3) 
nozzle  pass  valve:  4)  noz?le: 

5)  antechamber;  6)  scaler;  7) 
piston  for  varying  compression 
ratio;  8)  handwheel;  9)  vater 
Jacket;  10)  cylinder.  A)  Water; 
B)  fuel. 
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In  the  light  of  the  above,  a  new  method  for  evaluating  fuel  scal¬ 
ing  ability  that  consists  In  the  use  of  special  Interchangeable  scalers 
secured  to  engine  components  merits  special  attention  [3].  Use  of  the 
scalers  enables  us  to  restrict  ourselves  to  short-term  tests.  Below  we 
give  a  brief  description  of  methods  of  evaluating  fuel  scaling  proper¬ 
ties  on  single -cylinder  apparatus  and  on  full-scale  engines,  using 
scalers. 

FZI  method  for  evaluating  scaling  abilities  of  kerosenes  and  diesel 
fuels 

Essentially,  the  PZI  method,  which  was  developed  by  K.K.  Papok, 

A.  P.  Zarubin  and  I.  D.  Inozemtsev,  consists  In  running  a  5-inlnute  test 
on  the  fuel  in  a  standard  single -cylinder  IT9-3  apparatus  as  used  for 
determining  cetane  numbers.  A  special  readily  removable  scaler  —  an 
aluminum  disk  with  four  concentric  grooves  on  one  of  Its  faces  (Plg. 

61)  -  Is  bolted  to  the  head  of  a  small  piston  used  In  the  engine  ante¬ 
chamber  to  vary  the  compression  ratio.  The  scaler’s  dimensions  €u:*e  as 
follows:  diameter  4l  mm,  height  8  mm,  width  of  groove  (depression) 

1.75  mm  and  depth  of  groove,  2.5  mm.  The  scaler  weighs  20  g,  and  the 

p 

area  of  its  involuted  surface  Is  28  cm  .  A  diagram  of  the  cylinder  and 
antechamber  of  the  IT9-3  apparatus  with  the  scaler  secured  to  the  pis¬ 
ton  head  is  shown  in  Pig.  62.  After  a  5-minute  test  In  a  rigorously 
maintained  operating  mode,  the  scaler  is  removed  and  the  quantity  of 
scale  that  has  formed  on  it  during  the  test  Is  determined  by  weighing. 
The  scaler  Is  weighed  before  and  after  a  test  on  an  analytical  balance 
accurate  to  the  4th  decimal  place. 

The  tests  are  carried  out  under  the  following  conditions. 


Number  of  engine  rpm  ...........  900  +  10 

Temperature  of  coolant,  * . 100  +  2 

Compression  ratio  . . l4.'0  (co.nstant) 

Temperature  of  water  cooling  nozzle,  oc  .  38  +  3 

Air  temperature  at  Intake,  . 65  +  1 
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Puel-in ject.lon  p:r>e&snre,  kgf/cim  .....  106  +  4 
Puel-injection  advance  angle,  degrees  .  .  15  T^efore  TDC) 

Quantity  of  fuel  injected,  ml/mln  ....  13+0.5 

Oil  temperature  in  crankcase,  oq  ....  5P  ~  65 

Oil  temperature  in  line,  kgf/cmS  .  .  .  .  1. 7~  2. 1 

The  other  parameters  of  the  engine  (TDC,  clearances,  etc.)  are 
maintained  in  conformity  with  OOST  3122-52  and  the  factory  manual  on 
operation  of  the  IT9-3  apparatus.  The  average  amount  of  scale  on  the 
scalers  in  accordance  with  the  results  of  four  5-mlnute  tests  on  each 
fuel  is  taken  as  an  index  to  the  scaling  ability  of  the  fuel  and  ex¬ 
pressed  in  mg/5  minutes.  The  precision  with  which  scale  is  determined 
between  parallel  tests  is  as  follows:  +2  mg  below  20  mg  and  +10$^  above 
20  mg.  The  investigations  conducted  by  A.P.  Zarubin  and  A.  G.  Slavinsky 
attest  to  the  fact  that  fuels  have  different  scaling  abilities  lying, 
for  the  specimens  tested,  in  the  range  from  13  to  28o  mg/5  min.  Di¬ 
rect-distilled  kerosenes  have  the  lowest  scaling  abilities  (13  — 

I 

l8  mg/5  min),  while  certain  types  of  solar  oils  (6?  to  79  mg/5  min) 
and  heavy  catalytic -cracking  gas  oil  (280  mg/5  min)  have  the  strongest 
abilities. 


Pentane  . 
Kerosenes : 


fuel 

T-2 

T-4 

T-1 

ft 

TS-1 

U 

TR 

cracking  kerosene 
Diesel  fuels; 


15 

13 

13 

16 
18 
20 
37 


Surakhany  gas  oil  (standard)  .  33 

of  thermal -cracking  origin  . . .  34 

with  1%  sulfur  (initial  boiling  205  i  90j6  at  327°)  37 

with  1.  IS^  sulfur  (initial  boiling  1800) . .  37 

with  1.25{g  sulfur  (initial  boiling  227^;  90$^  at  324°)  55 

with  1. 3?  sulfur .  47 

Solar  oils: 


Surakhany  select  petroleum  . .  39 

Balakhany  and  Binagadinsk  [sic]  petroleums  ....  67 

Balakhany  petroleum .  79 

Catalytic  gas  oils: 
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heavy 


280 


TABLE  31 

Scaling  Ability  of  Various  Mixtures  of  Diesel 
Fuels  and  Kerosenes* 


1  CocTiB  cueoi 


2  HorapooGpiaywiiiax 
cnoco6noeTb,  .n*/5  .mum 


3 

pacROTBue 

Aaxuue 

4 

•KcnepB* 

uBBTaauiHr 

ABBBlie 

( 

26 

1 

25 

32 

35 

.  30 

36 

43 

51 

54 

.■  62 

67 

•-70 

47 

46 

55 

6T  , 

55  . 

51 

95 

107  • 

35 

'32  . 

156 

187  . 

^Ton.'iKBO  TC-1  +  KpcKHitr-KepocBB: 

60% +-50% . 

g-  .  30%+70%  . . . 

O  nnnoo  TC>1  +  cMBponoe  uacao  na  oajiaxaBOXou 
ne^TB: 

80% +20% . . 

60% +40% . 

40% +60% . . . 

20% +80% . . 

y.litno.ibnoe  Tonanno  J^S+coanposoe  aiacao  03  (Sana* 
rannncKOu  n  6anaxaneKou  ae^Tofi: 

70% +30*% . 

o  30+70% . 

*^CTau+TflH(eaufi  raaoOab  KaTaouTunccxoro  xpeKU- 
ra: 

65%+i5%  :..... . 

^  70+  30%  . . . 

^%  ARSoAbuoro  Tonanoa  A3+S0%  nerxoro  raaoii* 

nn  xaTaanTiiMeexoro  Kpexnnra  . . 

rasoiian  cypaxaiiexoro  +  50%  tnacenoro  raaoft* 
J-Ua'a  xaTaamuBCCKoro  Kpoxnara  . 


■^THe” scaling  abilities  of  the  fuels  taken  for 
mixing  were  listed  earlier. 

1)  Composition  of  mixture;  2)  scaling  ability, 
mg/5  min;  3)  calculated  data;  4)  experimental 
data;  5)  TS-1  fuel  +  cracking  kerosene;  6) 

TS-1  fuel  +  solar  oil  from  Balakhany  petrole¬ 
um;  7)  diesel  fuel  DZ  +  solar  oil  from  Blna- . 
gadlnsk  and  Balakhany  petroleums;  8)  cetane  + 
heavy  gas  oil  from  catalytic  cracking;  9) 

50^  DZ  diesel  fuel  +  light  gas  oil  from 
catalytic  cracking;  10)  5056  Surakhany  gas  oil 
+  5C^  heavy  catalytic -cracking  gas  oil. 


It  Is  Indicated  on  examination  of  the  results  from  the  scalisjg- 
ablllty  determinations  for  the  various  groups  of  fuels  that  there  are 
large  differences  between  fuels  of  one  and  the  same  group.  For  exam¬ 
ple,  kerosenes  have  a  scaling  ability  ranging  from  13  to  37  ing/5  min, 
while  those  of  diesel  fuels  range  from  27  to  55  mg/5  min  those  of 
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solar  oils  from  39  -o  79  rog/9 

To  verify  certain  qualitative  relationships  of  practical  signifi¬ 
cance,  investigations  were  conducted  to  ascertain  the  influence  of  fu¬ 
el  composition  and  certain  fuel  additives  on  scaling  ability. 

The  results  listed  in  Table  31  indicate  that  scaling  ability  va¬ 
ries  addltlvely  in  mixtures,  i. e. ,  the  quantity  of  scale  (in  mg/5  min) 
obtained  in  determinations  by  the  PZI  method  corresponds  to  the 
amounts  figured  arithmetically.  This  statement  is  of  great  practical 
Importance  in  the  production  and  compounding  of  diesel  fuels.  Knowing 
“the  "scaling’ abilities  of 'the "^mpohents  or  fuels  to  be  mixed,  we  may 
figure  the  scaling  ability  for  the  final  product  with  sufficient  ac¬ 
curacy.  Moreover,  this  proposition  may  be  employed  in  solving  ques¬ 
tions  pertaining  to  selection  of  the  most  desirable  diesel-fuel  com¬ 
ponents. 

It  should  be  noted  that  this  qualitative  law  applies  only  for 
fuels  that  do  not  contain  additives. 

•nie  addition  of  the  antioxidant  additive  trlbutyl  phosphite  (TBP) 
to  diesel  fuel  resulted  in  a  sharp  increase  in  the  scaling  ability  of 
this  fuel.  For  example,  a  fuel  with  1. of  sulfur  had  a  scaling  abil¬ 
ity  of  ^2  mg/5  min;  on  addition  of  0. 5?^  of  the  TBF  additive,  this  rose 
to  47  mg/5  min,  and  to  162  mg/5  min  when  5S5  of  TBP  was  added. 

The  PZI  method  is  sensitive  to  fuel  additives;  this  provides  a 
basis  for  recommending  it  for  research  toward  the  creation  of  addi¬ 
tives  that  lower  the  scaling  abilities  of  diesel  fuels  and  kerosenes. 
Svaluation  of  scaling  ability  of  diesel  fuels  using  the  XCh-10.  5/13 
marine  engine 

On  the  basis  of  the  PZI  method  cited  above,  M.S.  Smirnov  and  O.P. 
Yevdokimov  developed  a  method  for*  evaluating  the  scalitig  properties  of 
diesel  fuels  using  the  lCh-10. 5/13  single -cylinder  marine  eiiglne  [26]. 


{»  ci-  H>  *5^ 


The  results  of  the  test  are  expressed  in  the 

:  form  of  a  curve  indicating  the  change  in  the 

} 

quantity  of  scale  on  the  scalers  in 

O  Q 

mg/cm  *10  as  a  function  of  the  engine's  op¬ 
erating  time  in  minutes. 


.  .i.  . . .  '  ■  I  .  J  ^ 


Fig.  65.  Scalers,  a) 
Clean;  b)  with  scale. 


"PL”  quick  method  for  evaluating  scaling 
ability  of  gasolines  on  full-scale  engine 
The  essence  of  the  method  developed  by 
K.K.  Papok  and  S.H.  Livshits  consists  in 


running  a  1-hour  fuel  test  on  a  full-scale  engine  fitted  with  remova¬ 
ble  scalers.  Special  receptacles  (Pig.  64)  are  Installed  in  the  cy¬ 
linder  head  of  an  automotive  engine;  these  make  it  possible  to  in¬ 


stall  the  removable  alumintim  scalers  in  the  combustion  chamber  in 


5  minutes  without  removing  the  cylinder  head.  The  scaler  weighs  24  g; 

P 

it  has  an  involuted  surface  area  of  about  24  cm  .  The  general  appear¬ 
ance  of  the  scaler  is  shown  in  Pig.  6f . 


Pig.  66.  Influence  of  tail¬ 
ings  fractions  from  thermal 
cracking  on  scaling  ability 
of  direct-distillation  ik-56 
auta’aobile  gasoline.  Ij 
Weight  of  scale «  rag;  2)  190 
-  205^F;  3)  quantity  of 
tailings  fractions^  ^ 


Pig.  67.  Influence  of  engine 
speed,  load  and  effective 
power  on  scaling.  1)  Scaling, 
rag/10  kg  of  fuel;  2)  P  = 

»  30  kg;  3)  700  roia;  4)  en¬ 
gine  power,  hp;  5)  rpca. 


After  the  l-hour  test  of  the  fuel,  ‘the  scalers  are  removed  ar.d 
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the  scaling  ability  of  the  fuel  expressed  In  mg  Is  determined  from  the 
change  In  their  weight. 

Together  with  A. A.  Gureyev,  we  evaluated  the  scaling  abilities  of 
various  fuels  in  a  Type  ZIL-120  engine  equipped  with  a  K-84  carbure¬ 
tor,  using  a  l-hour  technique  under  the  following  conditions. 

1.  55  min  with  a  load  P  =  20  kg,  n  =  l600  rpm,  =  32  hp,  * 

=  9  +  0. 3  kg/hr,  =  20  to  22®  before  TDC. 

2.  5  min  at  Idle  with  n  ~  1000  rpm. 

The  results  of  the  tests  indicated  that  direct -distillation  gaso- 
lines  possess  the  least  tendency  to  scale,  while  thermal -cracking  gas¬ 


olines  possess  the  strongest  tendency. 

A -56  automobile  gasoline  . 

A-70  •’  “  . . .  .  . 

A -72  ”  ’*  . 

B-70  aviation  gasoline  . 

B-70  +  AOJ^  of  benzene  . . 

B-70  +  toluene . . 

A -56  +  0. 1$^  of  ionene . 

A-56  4-2,0  ml/kg  of  R-9  . . 

Thermal-cracking  gasoline  .  .  . 

Catalytic -cracking  gasoline  .  . . .  . 

Direct -distillation  gasoline  .  .  . 

Theiml -cracking  gasoline  with 
initial  boiling  atj 

205® . .  .  .  . 

1900  ............  . 

-I  tgO  .  ^ 


26 

13 

9 

15 

17 

24 

67 


48 

17 

7 


50 

33 

23 

20 


With  increasing  content  of  thej'mal-ci'acklng  gasoline  in  direct- 
distillation  gasoline,  the  scaling  ability  of  the  mixture  (In  mg/hr) 

rises* 


Direct -distilled  gasoline  7-8 

Blrecfc-distllled  gasoline  +  therml- 
crackli^g  gasoline: 

80jg  4-  20^ . .  14  16 

6036  4.  4^  ,  .  . . .  22  -  25 

40^^  4-  60^  . . . . 30-34 

4-  ac5^ . .  *  .  . . .  39  -  44 

Thertaal -cracking  gasoline  *  .  . . *  .  48  —  54 


Wtien  tailing  fractions  from  thermal  cracking  arc  added  to  dis'Ccs 


distilled  gasoline^  the  ten'?ency  of  the  fuel  to  form  scale  also  rises 
(Pig.  66). 

Data  from  the  quick  "PL*'  method  can  be  used  not  only  to  evaluate 
the  scaling  ability  of  fuels,  but  also  to  study  the  influence  of  va¬ 
rious  factors  on  scaling  in  a  specific  engine. 

The  series  of  short-term  tests  run  on  a  Type  ZIL-120  engine  op¬ 
erating  on  A-56  gasoline  and  industrial  oil  50  niade  it  possible  to 
ascertain  the  influence  of  various  parameters  of  the  engine's  operat¬ 
ing  mode  on  combust ion -chamber  scaling.  It  was  established  that  as  the 
effective  power  of  the  engine  increased  at  a  constant  speed  or  under 
constant  load,  the  tendency  to  scale  diminished j  here,  scaling  fell 
off  more  sharply  at  constant  load  with  Increasing  effective  power  than 
at  constant  crankshaft  speed  (Pig.  67). 

It  will  be  seen  from  the  figure  that  as  speed  Increases  from  700 
to  1600  rpm  with  a  constant  load  or  effective  engine  power,  the  tend¬ 
ency  to  scale  diminishes.  However,  a  further  increase  in  engine  speed 
from  1600  to  2000  has  no  effect  on  scale  formation. 

The  Influence  of  the  engine's  temperature  conditions,  spark -ad¬ 
vance  angle,  the  composition  of  the  mixture,  arid  other  operational 
* 

factors  on  scaling  was  studied  using  this  teat  technique;  the  influ¬ 
ence  of  motor-oil  quality  and  oil  consumption  on  this  index  was  also 
investigated. 

The  quick  "PL"  method  may  be  used  in  research  toward  pei’fecting 
production  and  compounding  techniques  for  new  grades  of  automobile 
gasoline  for  projected  engines,  for  selection  of  the  most  efficient 
tetraethyl -lead  scavengers  and  for  finding  additives  that  assist  in 
reducing  combustion -chamber  scaling. 

Foreign  Methods 

Methods  for  indirect  determination  of  scaling  in  engines  are  ex- 

-  237  - 


tenslvely  used  In  foreign  practice.  For 
example,  a  technique  for  evaluating  the 
scaling  abilities  of  fuels  and  oils  based 
on  determining  the  required  octane -number 
Increase  or  the  variation  of  the  frequency 
of  Incandescence  flashes  per  unit  time  as 
functions  of  engine  operating  time  Is  used 
widely. 

Together  with  methods  for  Indirect 
Investigation  of  scaling  In  the  engine  with 
long-term  tests  under  controlled  and  oper¬ 
ational  conditions,  various  methods  are  en¬ 
countered  In  foreign  practice  for  direct 
evaluation  of  fuel  scaling  properties  In 
both  long-  and  short-term  tests. 

Splndt  and  Wolfe  [7]  ran  tests  on  a 
two -cylinder  overhead -valve  Galf  laboratory 
engine,  using  a  40-hour  test  procedure  under  the  following  conditions. 


Speed,  rpm .  2500 

Load,  hp . 5.8  (nearly  full 

load) 

Ratio  of  air  consumption  to  fuel  consumption  .  14 

Spark  advance  In  degrees  before  TDC  30 

Coolant  temperature,  ©C  .  ......  32.2 

Oil  temperature,  . 05.6 

Oil  load,  g .  500 

Duration  or  experiment,  hours  .  40 


The  engine  was  equipped  with  a  dual  fuel  system  that  made  It  pos¬ 
sible  to  toot  two  grades  of  fuel  simultaneously  (one  grade  In  each  cy¬ 
linder)  with  the  entire  engine  operating  on  one  grade  of  oil. 

The  engine's  cooling  system  permitted  maintaining  a  specified 
coolant  temperature  In  each  cylinder,  independently  of  the  fuel  temp¬ 
erature  In  the  other  cylinder. 


.  Pig.  68.  Diagram  of 
Galf  two -cylinder  lab¬ 
oratory  engine,  l)  In¬ 
sulated  water  jacket: 
2)  power  cylinder;  3) 
connecting-rod  bear¬ 
ing;  4)  crankcase  ven¬ 
tilation  (exhaust);  5) 
equalizing  cylinder 
(nonoperating);  6)  e- 
qualizing  piston  with¬ 
out  head  and  piston 
rings;  7)  crankcase 
ventilation  (inlet). 

A)  Oil, 
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Fig.  69.  Cylinder 
head  of  modified  CFR 
test  engine.  1)  Fuel 
nozzle j  2)  scaler 
disk. 


In  conducting  the  special  tests,  one  of 
the  Chevrolet  pistons  of  the  Galf  laboratory 
engine  was  replaced  by  an  equalizing  piston 
that  did  not  have  a  head  or  piston-ring 
grooves,  as  shown  in  Fig.  68.  This  labora¬ 
tory  apparatus  was  used  not  only  to  investi¬ 
gate  the  scaling  properties  of  fuels  and 
oils,  but  also  to  evaluate  the  role  taken  by 
the  fuel  and  oil  in  scaling  and  for  research 
into  the  Influence  of  coolant  temperature 
and  other  operational  factors  on  scaling. 


The  tendencies  of  various  diesel  fuels  to  form  scale  was  inves¬ 
tigated  by  Hobson  [27]  using  a  standard  CFR  antechamber  diesel  with  a 
constant  compression  ratio  of  17:1. 

The  fuel  nozzle  was  taken  out  of  its  normal  axial  position  in  the 
top  of  the  antechamber  and  replaced  with  a  plug  having  an  interchange¬ 
able  disk  -  a  sampler  similar  to  the  scaler  in  the  PZI  method.  The 
sampler  was  mounted  flush  with  the  inside  surface  of  the  antechamber 


[Fig.  69]. 

The  temperatures  of  the  oil  (91  -  96®)  and  the  coolant  (99®)  were 
held  constant  by  means  of  imm8r3ion-t3npe  electric  heaters.  The  engine 
was  loaded  with  a  synchronous  generator  having  a  power  of  900  rpm 
[sic]. 

The  engine  was  warmed  up  on  standard  fuel  and  then  the  fuel  sys¬ 
tem  was  rinsed  out  with  tne  test  fuel;  this  was  followed  by  installa¬ 
tion  of  weighed  sampling  disk  that  had  been  cleaned  with  a  wire  brush 
to  a  bri,5ht  surface,  and  the  engine  was  restarted.  After  the  specl- 
:led  quaiicity  of  fuel  ("300  g)  had  been  burned,  the  engine  was  stopped 
the  :Ask  removed  for  weighing  and  examination  of  .the  deposits  •  that — 


haci  formed  on  It. 


Tests  were  run  with  each  fuel  at  various 
feed  rates  ranging  from  the  maximum  to  the 
minimum  at  which  faltering  began.  According 
to  the  author,  the  results  of  the  tests  were 
usually  reproducible  to  within  +55^. 

During  recent  years,  new  methods  of 
testing  for  the  scaling  properties  of  fuels 
and  oils  with  the  aid  of  radioactive  indica¬ 
tors  have  been  appearing  with  Increasing  fre¬ 
quency.  Mingle  and  coauthors  [28]  proposed  a 
radioactive  method  for  investigating  engine 
scaling  that  reduces  to  the  following.  A  spe¬ 
cial  sensor  on  which  the  surface  .facing  the 
inside  of  the  combustion  chamber  is  covered 
with  the  radioactive  Isotope  sulfur-35  or 
cobalt-60  is  placed  in  the  combustion  chamber 
of  a  standard  OPR  engine  with  a  compression 
ratio  of  6.8  and  an  L-type  cylinder  head  (Plg.  70), 

The  quantity  of  hydrocarbon  deposits  is  Judged  from  the  lessening 
of  emission  from  the  radioactive  surface  of  the  sensor,  as  measured 
with  special  Instruments. 

The  sensor  is  first  calibrated  by  reference  to  standard  absorbers 
with  known  absorbing  capacity. 

Unlike  ordinary  methods  for  evaluating  scale  formation,  this  me¬ 
thod  does  not  require  disaBeembly  of  the  engine  and  makes  It  possible 
to  study  the  dynamics  of  the  scalij^  process  in  the  space  of  a  few 
hours  Instead  of  several,  tens  or  even  hundreds  of  hours,  as  is  re¬ 
quired  when  ordinary  long-term  test  methods  are  used. 


Fig.  70.  Diagram  of 
Installation  of  ra¬ 
dioactive  sensor  in 
combustion  chamber 
of  L-head  engine.  1) 
Side  arm;  2)  radio¬ 
active  sensor;  3) 
radioactive  surface; 
4)  thermocouple. 
Lines:  I)  Coolant 
inlet;  II )  coolant 
outlet. 


The  method  makes  it  possible  to  study  the  Influence  of  fuel  qual¬ 
ity,  additives,  and  engine  operating  conditions  on  scaling. 

When  cobalt  and  certain  other  radioactive  isotopes  are  used,  it 
is  necessary  to  observe  industrial -safety  rules  and  take  special  meas¬ 
ures  to  protect  the  experimenters  during  the  tests.  From  this  stand¬ 
point,  research  methods  in  which  low-energy  radioactive  isotopes  are 
employed  are  of  great  practical  Interest. 

Shore  and  Ockert  [2]  studied  scaling  in  internal -combustion  en¬ 
gines  by  adding  to  the  gasoline  a  small  quantity  of  the  hydrocarbons 
that  they  wished  to  test  after  tagging  the  latter  with  radioactive 
carbon.  The  authors  characterized  the  tendency  of  the  test  hydrocar¬ 
bon  to  scaling  in  terms  of  the  ratio  of  the  content  of  the  hydrocarbon 
in  the  scale  to  its  content  in  the  initial  fuel  prior  to  combustion. 
They  determined  this  ratio  indirectly  by  the  so-called  "degree  of  en¬ 
richment,"  which  is  the  ratio  of  the  specific  radioactivity  of  the 
test  hydrocarbon  in  the  scale  to  its  initial  specific  radioactivity  in 
the  initial  fuel  prior  to  the  test.  The  higher  the  degree  of  enrich¬ 
ment  of  the  fuel -component  investigated,  the  greater  is  its  tendency 
to  form  scale. 

This  method  also  enables  us  to  ascertain  the  influence  exerted  on 
scaling  by  various  carbon  atoms  in  the  molecule.  According  to  the  au¬ 
thors,  the  results  are  adequately  reproducible.  Sechrist  and  Hammen 
[29]  also  used  a  low-energy  ^-radiator  in  their  investigations;  this 

was  carbon -l4  with  an  extremely  low  activity  level. 

The  specific  radioactivities  of  the  fuels  that  they  tested  did 

-8 

not  exceed  10  millicurle/rog  of  carbon.  They  ran  their  tests  on  a 
slrigle-cyllnder  CFR  overhead -valve  engine  with  a  special  model  VN-14 
Marvel -Schabler  carburetor  with  a  magnetic  throttle  control  that 
made  possible  positive  adjustment  of  the  engine's  operating  period! - 
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city  in  the  variable  mode.  The  tests  were  conducted  during  48  hours 
~at~'906  rpm  by  separate  cycles:  150  sec  at  hill  throttle  and  100  sec  at 
idle. 

The  change  in  required  octane  number  was  determined  in  the 
course  of  the  tests.  The  engine  was  partially  torn  down  after  the 
tests.  The  combustion-chamber  components  were  rinsed  with  a  small 
quantity  of  isooctane  to  eliminate  oil  and  loose  scale.  The  wash  liq¬ 
uid  was  then  filtered  and  the  residue  weighed.  The  scale  that  had  re- 
'  malned  on  the  components  was  also  cleaned  off  after  washing  and  its 
radioactivity  was  evaluated. 

Despite  the  difficulty  of  determining  specific  activity  at  such 
an  extremely  low  level  of  specimen  rad'^oactlvity,  the  authors  never¬ 
theless  succeeded  in  determining  with  an  admissible  range  of  error  the 
extent  to  which  fuels  and  oils  of  various  compositions  and  origins  had 
participated  in  formation  of  scale  on  the  piston  dome  and  cylinder 
head. 

The  use  of  radioactive  isotopes  enables  us  to  penetrate  more 
deeply  into  the  scaling  mechanism  and  the  influence  exerted  by  speci¬ 
fic  fuel  and  oil  components  eind  hydrocarbvin-molecule  structure  on 
scale  formation. 

VARNISH-FORMING  ABILITy  OP  FUELS 

In  operation  of  an  Internal -combus¬ 
tion  engine,  vai'nlsh  deposits  form  on 
the  components  and^  as  we  know,  present 
serious difficulties  in  operation.  It  has 
been  established  that  the  basic  cause  of 
varnish  foivnatlon  Is  the  quality  of  the 
lubricating  oil  in  the  majority  of  cases. 
Other  factors  also  Influence  vax'nlsh  fo.  - 
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mation  in  an  engine. 

It  follows  from  the  studies  of  Bouman  [30],  Gruse  and  Livingston 
[31],  Mougey  [32]  and  Kadmer  [33]  that  varnishing  depends  on  fuel 
quality  under  certain  conditions. 

Zuidama  [3^]  notes  in  her  book  that  diesels  and  spark-ignited 
engines  frequently  operate  under  conditions  corresponding  to  a  mod¬ 
erate  set  of  temperature  conditions.  Under  these  conditions,  the  fuel 
rather  than  the  oil  is  the  principal  source  of  tar  and  varnish  forma¬ 
tion.  The  Influence  of  the  fuel  on  varnish  formation  in  spark-ignited 
engines  is  now  a  generally  acknowledged  fact. 

In  recent  years,  in  connection  with  the  appearance  of  new  modi¬ 
fications  to  internal -combustion  engines  and  the  Increased  demand  for 
catalytic-cracking  and  sulfurous  fuels,  it  is  necessary  to  devote  spe¬ 
cial  attention  to  the  varnishing  properties  of  the  fuels. 

The  varnishing  ability  of  a  fuel  is  manifested  when  the  thin 
layer  of  fuel  comes  into  contact  with  a  hot  metallic  surface.  Know¬ 
ledge  of  this  property  is  important  not  only  for  fuels  intended  for 
internal -combustion  engines,  but  also  in  all  cases  where  fuel  comes 

into  contact  with  heated  surfaces. 

* 

The  varnishing  abilities  of  fuels  have  been  studied  by  the  fol¬ 
lowing  procedure  [35]. 

Thi'ee  cups  27  ram  in  diameter,  15  ram  high  at  the  rim,  and  con¬ 
taining  the  fuel  to  be  tested  were  placed  on  an  interchangeable  disk 
70  or  100  mm  in  diameter  that  had  been  heated  to  .the  specified  temp¬ 
erature  in  a  standard  varnish  former  (GOST  5737-53)  (PiS-  7i). 

The  fuel  to  be  tested  was  poured  into  the  ready -weighed  cups  in 
the  following  quantities:  1  ml  of  diesel  fuel,  2  ml  of  kerosene  and 
4  ml  of  gasoline  in  each  cup. 

The  cups  with  the  fuel  were  kept  in  the  varnish  former  until  the 


fuel  had  evaporated  completely,  after  which  they  were  removed  from 
the  disk,  cooled,  and  weighed.  After  weighing,  the  cups  were  again 
placed  In  the  varnish  former  at  the  temperature  of  the  experiment, 
held  there  for  5  min,  and  then  rewelghed  after  cooling.  This  5-nilnute 
heating  operation  was  repeated  (usually  2—3  times)  until  the  dis¬ 
agreement  In  the  averaged  weight  figures  of  the  cups  did  not  exceed 
0. 5  mg  between  two  successive  weighings.  The  arithmetic  mean  value 
over  three  or  two  cups,  as  obtained  in  the  last  determination  and  re¬ 
ferred  to  10  ml  of  fuel,  was  taken  as  the  result  of  the  experiment. 

The  maximum  weight  discrepancy  between  cups  In  a  single  experiment  In 
which  as  much  as  .10  mg  of  varnish  was  obtained  did  not  exceed  1  mg,  or 
2  mg  v;hen  more  than  10  mg  of  varnish  was  produced. 

The  varnishing  ability  of  the  tested  fuel  was  computed  as  the 
arithmetic  mean  of  two  parallel  determinations.  The  disagreement  be¬ 
tween  two  parallel  determinations  did  not  exceed  2  mg. 

The  Investigations  conducted  by  K.K.  Papok  and  K.  I.  Bessmertnyy 
showed  that  the  varnishing  ability  of  fuels  depends  on  their  frac¬ 
tional  and  chemical  composition  and  may  be  affected  when  additives  are 
used. 

Influence  of  JyVactlonal  Composition  on  Varnishing  Ability  of  Fuels 

The  influence  of  fuel  fractional  composition  on  varnishing  abil¬ 
ity  Is  cleat'ly  evident  in  the  example  furnished  by  the  products  of  di¬ 
rect  distillation  of  petroleum:  gasolines  produced  the  smallest  quan¬ 
tities  of  varnish,  kerosenes  are  more  strongly  inclined  to  form  var¬ 
nish,  and  diesel  fuels  form  the  largest  quantities  of  varnish  (in  mg 
per  10  ml  of  fuel). 


A-36  automobile  gasoline .  6.0 

A-66  ••  ’•  .■ .  9.0 

A-70  "  "  . . .  1.0 

TS-1  fuel .  5.0 

T-1  "  .  10 


-  244  - 


DA  diesel  Aiel  . . 

DZ  "  "  . . 

DL  "  "  (S  =  1.24j^) . 

Solar  oil  from  Surakhany  select  petroleum  .  . 

Solar  oil  from  Balakhany  oll  petroleum  »  »  »  .  .  . 


12 

60 

100 

116 

245 


TABLE  32 


Physicochemical  Properties  of  Diesel  Fuels 
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1)  Fuel;  2)  density,  3)  viscosity  VgQ,  centistokes;  4)  sulfur, 

5)  fractional  composiTilon:  6)  initial  boiling;  7)  below  300;  8)  below 
350;  9)  final  boiliiig;  lO)  varnish,  mg  per  10  ml  of  fuel;  11)  diesel 
fuel;  12)  Ni:z  (oatalytic  cracking),  specimen  No.  1;  13)  NKZ  (cata¬ 
lytic  cracking),  specimen  No.  2;  l4)  specimen  No.  3|  15)  NKZ,  specimen 
No.  4;  16)  specimen  No.  5;  17)  sulfur-free;  l8)  DS  (GOST  4749-49);  19) 
solar  oil;  20)  from  Surakhany  select  petroleum;  21)  from  Balakhany  oil 
petroleum. 


The  Influence  of  fractional  composition  on  varnish  formation 
came  most  clearly  to  the  fore  in  the  test  of  the  20-degree  fractions 
of  various  diesel  iX^els,  the  physicochemical  properties  of  which  are 
listed  in  Table  32.  The  iXiels  were  subjected  to  distillation  in  ac¬ 
cordance  with  GOST  1529-42. 


V*  V'*  ***  ***  *— •  **•  V  ***^.**.*'*“*^** 
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As  the  fractions  become  heavier,  their  varnishing  ability  rises 
sharply  (Fig.  72).  The  residual  fractions  have  a  particularly  strong 
tendency  to  form  varnish.  Prom  this  we  may  conclude  that  as  the  frac- 
tJ.onal  compositions  of  the  fuels  become  lighter,  their  tendency  to 
form  varnish  deposits  will  diminish. 


Influence  of  Chemical  Composition  on  Varnish -Forming  Ability  of  Fuels 
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DS  diesel  fuel  (start  of  boiling 
238°;  905^  at  317°)  Is  somewhat  heavier  in 
fractional  composition  than  polyalkylben- 
zene  (start  of  boiling  152*^;  90^  at  315^) 
but  in  spite  of  this  polyalkylbenzene  has 
a  varnish-forming  ability  several  times  as 
great.  For  example,  the  varnish-forming 
ability  of  polyalkylbenzene  Is  300  mg  at 
250°,  while  that  of  diesel  fuel  Is  60  mg. 

This  fact  indicates  beyond  question 
that  the  Influence  of  chemical  composition 
on  varnish  formation  Is  being  manifested 
In  this  case.  The  dependence  of  varnish 


Pig,  72.  Varnishing  a- 
blllty  of  20-degree 
fractions  of  diesel  fu¬ 
els.  1)  Diesel  fuel  NK2 
(S  =  0. }  8)  diesel 
fuel  NKZ  (S  =  1.255^); 

3)  DS  diesel  fuel;  4) 
solar  oil  from  Surak- 
hany  select  petroleum; 
5)  solar  oil  from  Ba- 
lakhany  oil  petroleum. 
A)  Varnish,  mg/ 10  ml  of 
fuel;  B)  distillation 
temperatures  of  20 -de¬ 
gree  fractions,  ®C. 


formation  on  fuel  ohei^loal  composition  has 
also  been  confirmed  in  other  experiments. 

It  was  found  In  an  investigation  of 
various  groups  of  hydrocarbons  isolated 
chr<»ftatographlcally  by  M.S.  Borova  from 
diesel  fuel  L  and  Baku  catalytic  gas  oil 
that  the  aromatic  fractions  possess 
stronger  varnishing  abilities  than  do  the 


paraffinic -naphthenic  fractions  (Fig.  73). 


It  Is  necessary  to  remember  that  the  varnishing  ability  of  a  fuel 


does  not  necessarily  parallel  its  scaling  properties,  which  are  manl-„„. 
rested  when  the  fuel  burns.  A  fuel  that  is  stable  to  oxidation  in  a 


thin  film  may  be  inclined  to  form  a  large  quantity  of  scale  on  combus¬ 


tion  and,  conversely,  a  fuel  that  is  not  dangerous  from  the  standpoint 


of  scaling  may  be  extremely  dangerous  as  regards  varnish  formation. 


Fig.  73*  Varnishing 
abilities  of  various 
groups  of  hydrocar¬ 
bons.  1)  JDiesel  fu¬ 
el  L  (GOST  30b-^2)j 
2)  paraffinic -naph¬ 
thenic  fraction  of 
diesel  fuel  Lj  3) 
aromatic  (heptane) 
fraction  of  diesel 
fu.elj  4)  paraffinic - 
naphthenic  fraction 
of  Baku  catalytic 
gas  oil;  ?)  aromatic 
(heptane)  fraction 
of  diesel  fuel.  A) 
Varnish.  mg/lO  ml  of 
fuel I  b)  temperature, 
®C. 


We  may  refer  to  the  following  data  for 
an  example.  It  is  known  that  a-raethylnaph- 
thalene  forms  more  scale  on  combustion  than 
does  cetane,  so  that  the  scaling  ability  of 
the  mixture  Increases  with  increasing  content 
of  a^ethylnaphthalene  in  it. 

As  regards  varnish  formation,  however, 
we  observe  the  converse  relationship:  with 
increasing  content  of  a-metliylnaphthalene  in 
mixture  with  cetane,  the  varnishing  ability 
of  the  mixture  diminishes.  Consequently,  when 
the  fuel  is  oxidized  in  a  thin  film,  the  ce¬ 
tane  will  represent  a  greater  danger  as  re¬ 
gards  varnish  fomatlon  than  will  the  a-me- 
thylnaphthalene. 

Influence  of  Additives  on  Varnish -Forming 
Ability  of  Fuels 

Varnish-formation  curves  were  recorded 
for  two  diesel  fuels  with  sulfur  contents  of 
1.1835  0.3J^  without  additives  and  with 


PCA-16  additive  in  the  temperature  range  from  170  to  250^.  The  physl- 


coohomloal  pi'operties  of  the  fuels  (specimen  No.  5  nnd  a  specimen  of 
sulfur-free  diesel  fuel)  are  listed  in  Table  31*  The  FCh-l6  additive. 


which  is  composed  of  phenols  extracted  from  semicoking  products  of 
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Fig.  7^.  Variation 
of  varnish -forming 
ability  of  fuel  on 
addition  of  PCh-l6 
additive,  l)  Dies¬ 
el  fuel  (S  =  l.lSjg); 
2)  same  +  0. 05S^  of 
PCh-l6  additive;  3) 
diesel  fuel  (S  = 

»  0. 3^)i  same  + 
0,05^  of  PCh-l6  ad¬ 
ditive.  A)  Varnish, 
mg/lO  m]  of  fuel; 

Bj  temperature, 


Pig.  75.  Varnishing 
ability  of  fuel  with 
tributyl  phosphate 
additive.  1)  Diesel 
fuel  (S  »  1.4sg)  +  TBP 
additive;  2)  NK2 
diesel  fuel  +  TBP  ad¬ 
ditive.  A)  Varnish, 
ifvg/lO  ml  of  fuel;  B) 
TBP  additive,  56. 


coals,  is  used  as  an  antioxidant  for  various  fuels. 

Use  of  the  FCI1-I6  additive  with  either  sulfur-oontainlng  or  sul¬ 


fur -free  fuel  reduced  the  vamishing  ability  of  the  fuels;  here,  var¬ 
nish  formation  was  reduced  in  the  toapex'ature  range  from  I70  to  210® 
for  the  sulfur-containing  fuel,  the  additive  showed  little  effect 
above  210®,  aixd  the  sulfur-free  fuel  responded  less  strongly  to  the 
additive.  In  this  case,  however,  varnish  formation  was  reduesd  over  a 
wider  temperature  range  -*  namely  from  I90  to  250®  (Plg.  74). 

The  additive  trlbwtyl  phosphite  [sic]  was  found  particularly  ef¬ 
fective;  on  additicn  of  0.1  to  of  this  material  to  sulfur-con- 
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tainlne;  fuels,  their  tendency  to  foiTn  varnish  dropped  sharply  (from 

104  —  l43  to  26  -  28  mg/lOO  ml  of  fuel).  On  a  further  Increase  in  the 

additive  concentration  in  the  fuel,  the  quantity  of  varnish  begins  to 

» 

increase  (Pig.  75) j  but  even  at  a  5^  additive  concentration  it  is 
still  far  below  its  original  value. 

It  must  be  remembered  that  although  tributyl  phosphite  is  a  use¬ 
ful  additive  as  regards  reduction  of  varnish  formation,  it  is  ex¬ 
tremely  dangerous  in  large  concentrations  from  the  standpoint  of  scal¬ 
ing, 
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Chapter  9 

NONHYEiROCARBON  AIMXTURES  BJ  PETROLEUM  AND  PETROLEUM  PRODUCTS 
NONHYDROCARBON  ADMIXTURES  IN  PETROLEUM 

Depending  on  the  petroleum  deposit,  the  refining  methods,  and  the 
conditions  of  storage  and  utilization,  various  quantities  of  nonhydro- ^ 
carbon  admixtures  can  be  detected  in  the  composition  of  petroleum  pro¬ 
ducts.  In  general,  the  quantity  of  such  admixtures  is  not  great.  How¬ 
ever,  with  the.  continuous  improvement  in  engines  and  fuel  equipment, 
these  admixtures  have  an  ever  Increasing  negative  effect  on  the  quality 
of  the  fuels  and  oils  (lubricants).  On  the  other  hand,  certain  nonhy¬ 
drocarbon  admixtures  in  petroleum  and  petroleum  products  can  serve  as  a 
great  source  of  new  chemical  compounds  that  has  not  been  used  to  ,he 
present  time,  and  these  compounds,  if  extracted,  would  doubtlessly  play 
an  Important  role  in  the  national  economy. 

All  of  the  nonhydrooarbon  admixtures  detected  In  petroleum  products 
can  be  divided  into  the  four  major  groups: 

1)  sulfur  compounds; 

2)  nitrogen  compounds; 

3)  oxygen  compounds; 

4)  aUmlxtui*eo  containing  "ash"  elements. 

Suli'ur  and  nitrogen  compounds  are  carried  into  fuels  and  oils  from 
a  petroleum  subject  to  conversion  as  a  result  of  the  refining  tech¬ 
niques  employed.  The  occurrence  of  such  compounds  is  not  uniform  in  the 
hydrocarbon  fractions.  They  are  predominantly  concentrated  in  the  iiigh- 
boiling  and  residue  products. 
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This  same  relatlonahlp  ejiists  for  oxygen  compounds,  with  the  ex¬ 
ception  that  the  content  of  such  compounds  may  increase  noticeably  as  a 
result  of  the  oxidation  (by  the  oxygen  in  the  air)  of  the  less  stable 
components  of  the  petroleum  products  during  their  production,  storage, 
and  utilization. 

The  unstable  components  include  not  only  a  certain  group  of  the 
hydrocarbons  whose  tendency  to  oxidation  is  great,  but  certain  nonhy¬ 
drocarbon  compounds  as  well;  sulfur,  nitrogen,  and  oxygen  compounds. 

The  capacity  of  the  majority  of  these  compounds  to  react,  their  tendency 
to  oxidation,  as  well  as  their  tendency  to  consolidation  or  as  is  some¬ 
times  said,  resinification,  is  great. 

Consequently,  the  initial  content  in  the  petroleum  products  of 
sulfur  and  nitrogen  compounds  will  not  increase,  whereas  under  certain 
temperature  conditions  the  quantity  of  these  compounds  may  diminish  as 
a  result  of  the  conversions  which  take  place  with  the  liberation  of 
volatile  compounds.  The  quantity  of  oxygen  compounds  can  increase 
through  formation. 

The  admixtures  containing  "ash”  elements  will  be  composed  of  the 
products  of  the  corrosion  of  equipment,  tanks,  the  metals  of  the  engine 
fuel  system,  and  the  contamination  which  penetrates  the  petroleum  pro-  " 
ducts  during  the  processes  of  storage,  transportation,  and  utilisation. 
Compounds  with  "ash”  elements  contained  in  the  initial  petroleum  are 
concentrated  almost  entirely  in  the  residue  pi'oducts  (masout,  "gudron" 
[petroleum  asphalt),  and  bitumen).  The  quantity  of  volatile  compounds 
with  "ash"  elements  is  negligible. 

In  the  more  typical  petroleums,  we  f^nerally  find  the  following 

in  the  form  of  nonhydrocarbon  admixtures  (in  jS): 

sulfur  ........  0.05-5‘*tJ 


nitrogen  .......  0-1.0 

oxygen .  0.1 -5.0 

ash  .  0.002-0.038 
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TABLE  33 

Content  of  Sulfur,  Nitrogen,  and  Oxygen  in  Pet¬ 
roleum-Refining  Products 


1  Opaiu^m 

2 

Ci  eAnnfi  uoae* 

Kyaspuiiifi  see 

3 

CoAepMcasae,  % 

S 

N 

0 

4  Ao  200» 

200-350® 
Bume  225® 

150-200 

200-250 

250-400 

0,02-0,50 

0,04-1,50 

0,30-4,0 

6  Caepu 
0,01-0,2 
0,05-0,4 

Caepu 
o,oi-r-a5 
0.7-1.5  . 

l)  Fraction,*  2)  mean  molecular  wei^t;  3)  content, 

4)  below  200°;  5)  above  325°#  6)  traces. 

Depending  on  the  geological  conditions  of  petroleum  formation,  the 
content  of  nonhydrocarbcn  admixtures  may  vary  markedly. 

The  molecular  weight  of  sulfur-,  nitrogen-,  and  oxygen-bearing  com* 
pounds  is  generally  close  to  themoXecular  weight  of  the  hydrocarbons 
which  they  accompany.  In  terms  of  structural  variety,  they  are  on  a  par 
with  the  hydrocarbon  mixtures.  The  multiplicity  of  these- compounds  and 
the  similarity  in  structure  between  the  hydrocarbon  radicals  to  the 
structure  of  the  basic  hydrocarbon  composition  of  petroleum  products 
serve  as  an  explanation  for  the  difficulties  which  arise  in  separating 
the  nonhydrocarbon  admixtures  (particularly  the  sulfur  and  nitrogen  com- 
pounds)  from  the  'basic  hydrocarbon  portion  of  fuels  or  oils.  At  the  pre¬ 
sent  time,  particular  attention  is  being  devoted  to  the  development  of 
efficient  separation  methods. 

We  can  Judge  as  to  the  manner  in  which  the  nonhydrocarbon  admix¬ 
tures  are  distributed  in  the  petroleum-refining  products  by  examining 
the  limits  of  sulfur,  nitrogen,  and  oxygen  content  presented  In  Table 
33. 

We  can  form  an  opinion  as  to  the  content  of  nonhydrooarbon  admix¬ 
tures  In  petroleum-refining  products  on  the  basis  of  the  following  cal¬ 
culation. 

In  a  contemporary  petroleum  diesel  fuel  in  which  a  sulfur  content 


of  up  to  Vfo  is  tolerated,  sOiTie  7*5/^  will  'oe  made  up  of  sulfur  compoxmds 
having  the  same  molecular  weight  as  the  hydrocarbons  in  the  fuel,  with 

only  a  single  sulfur  atom  per  molecule.  In  this  same  fuel,  given  the 
earlier  conditions  and  an  oxygen  content  of  0.5^,  there  will  be  more 
than  3^  of  oxygen  compounds)  given  a  nitrogen  content  of  0.2$^,  there 
will  be  some  1.5^  nitrogen  compounds.  Consequently,  a  standard  diesel 
fuel  will  contain  some  12J^  nonhydrocarbon  admixtures,  not  counting  the 
compounds  with  the  "ash"  elements. 

NONHYDROCARBON  ADMIXTURES  IN  VARIOUS  FUELS 

Let  us  examine  in  general  form  the  distribution  and  composition  of 
the  nonhydrocarbon  admixtures  in  the  petroleum-refining  products. 

Table  34  shows  the  content  of  sulfur  in  the  distillates  obtained  , 
from  certain  sulfur  and  low-sulfur  petroleums. 

It  is  assumed  that  in  the  gasoline  and  llgroin  direct -distillation 
distillates,  the  hydrocarbon  radicals  of  the  sulfur  compounds  have  a 
predominantly  aliphatic  structure.  Radicals  of  cyclic  structure  predomi¬ 
nate  in  thermal -cracking  and  high-boiling  direct-distillation  fractions. 
In  this  connection,  the  aromatic  portion  of  the  distillates  of  many 
petroleums  contains  the  basic  quantity  of  sulfur  compounds  and  it  can 
therefore  be  designated,  with  full  justification,  as  a  sulfur  concentrate 
The  data  presented  in  Table  35  illustrate  well  what  has  been  stated 
above. 

Satisfactory  gasolines  and  ligrolns  can  be  obtained  from  the  greater 
part  of  the  high-sulfur-bearing  petroleums.  Kerosenes  and  diesel  tHrels, 
satisfying  the  sulfur-content  standards,  are  adequate  without  additional 
purification  only  in  the  case  of  low-sulfur -bearing  petroleums. 

As  an  example.  Table  36  shows  data  on  the  maximum  permissible  sul¬ 
fur  content  in  petroleums  for  the  derivation  of  commercial  products 
meeting  specifications.  It  is  easy  to  see  that  in  terms  of  sulfur  con- 


TABLE  34 

Distribution  of  Sulfur  in  Pe troleum -Re fining  Products 

[1,  2] 
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coAepHcaane 
cepu,  % 
see. 

13  • 

AO  200 

150r-300 

14 

Duma  300 

^  5  CtpHuemut 

0  •JrajjMGaeBCKoe 

7  TyfiMaaiiHCKoe 

8  **y*‘ypycaan- 

9  • 

_  uutmw 

'-a-iroCeKCKoe 
J.X  ViKiepoucKoe 
12*  ••^ucacKoe 

2,17-4,32 

1,47-3,23 

2,70 

0,43-0,95 

0,09—0,32 

0.58-a92 

1,07-2,10 

0.72-1.90 

1,53-1,72 

1,90-2.05 

0,90-2,20 

2,10 

2,85-4,08 

2,24 

3,45-3,77 

0.4$ 

0,22 

0,32 

0,004 

0,04 

0,065 

0,006 

0,03 

0,109 

0,032 

ao6 

.0,60 

0,27 

0,57 

l)  Petroleumj  2)  sulfur  content  (in  ^  by  weight)  in 
the  fraction  having  the  following  boiling  point,  °C; 

3)  deposit;  4)  sulfur  content,  %  by  weight;  5)  sulfur; 
6)  Ishlmbay;  7)  Tuyniazy;  8)  Buguruslan;  9)  low  in  sul¬ 
fur;  10)  Malgobek;  11)  Apsheron;  12)  Groznyy;  13)  below 
200;  14)  above  300. 


TABLE  35 • 


Content  of  Sulfur  in  High-Boiling 
Fractions  of  Uzbek  Petroleum  [3] 


.  TeMnepatyp* 
ximeoiu  fpaxAixfl, 

•c 

2  CoAopwcimB  cepu.  Beo> 

^  B  BCSOAUOO 
$P«KUIUI 

laocAB  yAtatiBii 

BPOMBTUBCCKBS 

yraeioAopoAO* 

300-350 

i48 

0,18 

350-400 

5,54 

0 

400-450 

5,60 

0 

4SO-SOO 

151 

0 

1)  Bolling  point  of  fractions,  C; 
2  sulfur  content,  $  by  weight; 

3}  in  initial  fraction;  4)  after 
removal  of  aromatic  hydrocarbons. 


tent  there  are  various  requirements  imposed  on  petroleums,  depending  on 
the  commercial  product  to  be  derived. 

The  various  requirements  with' respect  to  the  maximum  sulfur  content 
in  petroleums  serve  as  the  index  for  the  derivation  of  products  which 
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Maximum  Permissible  SuiJ.ur  Content  in  Petroleums 
for  Derivation  of  Commercial  Products  Meeting 
Specifications  [4] 


1 

2 

HopMU 

eoAOpmaaiifi 

Touput*  npoAyxni 

eapu  00 

cnoQii^nxa. 

naau,  % 

S^onycTiiMoo  coAopwauiA 
copu  D  UC^HIilX,  % 


1)  Commercial  products;  2)  sulfur-content  stan¬ 
dards,  according  to  specifications,  3)  per¬ 
missible  sulfur  content  in  petroleums,  4) 
USA;  5)  Venezuela;  Near  (Middle)  East;  7) 
aviation  gasoline;  8)  automotive  gasoline;  9) 
kerosene;  10)  diesel  fuel;  11 )  the  same. 


correspond  to  the  requirements  imposed  by  the  GOST  [All-Union  State 
Standards]  or  specifications  and  they  are  functions  not  only  of  the 
sulfur  content  but  of  the  composition  of  the  sulfur  compounds  within 
the  petroleums  as  well.  A  portion  of  the  sulfur  compounds,  under  the 
conditions  prevailing  in  petroleum  refining,  will  become  subject  to 
destruction  with  the  formation  of  easily  removed  gaseous  hydrogen  sul¬ 
fide  or  similar  low-molecular  compounds.  The  greater  the  quantity  of 
stable  sulfur  compounds  in  the  petroleum,  the  more  extensive  their  par¬ 
ticipation  in  the  commercial  products. 

This  study  of  the  individual  composition  of  sulfur  compounds  is 
connected  with  a  great  many  difficulties.  Nevertheless,  investigations 
conducted  over  many  years  in  this  area  have  been  crowned  with  a  certain 
measure  of  success.  At  the  present  time,  a  great  quantity  of  sulfur 
compounds  is  being  extracted  from  and  identified  in  petroleums  and 
petroleum  ps’oducts. 


It  is  somewhat  easier  to  undertake  the  investigation  of  the  group 


composition  of  sulfur  compounds.  By  group  we  mean  the  compounds  with 
hydrocarbpn  radicals  of  various  structures  having  a  common  Identical 
structural  sulfur  distribution.  The  group -analysis  methods  have  not  yet 
been  fully  perfected.  They  do  not  exhaust  the  great  variety  of  accom¬ 
panying  compounds.  As  a  result  of  such  an  analysis,  there  remains  a 
substantial  portion  of  the  sulfur  compounds  which  cannot  be  referred 
to  one  of  the  Identified  compound  groups. 

Despite  this  fact,  group  analysis  of  sulfur  compounds  yields  some 
Idea  as  to  the  composition  of  these  compounds. 

The  presence  of  sulfur,  hydrogen  sulfide,  mercaptans,  sulfides, 
thlophanes,  and  thiophenes  has  been  firmly  established  in  petroleums 
and  petroleum  products. 

Elementary  sulfur  (S).  Formed  In  distillates  as  a  result  of  the 
thermal  decomposition  of  sulfur  compounds  having  a  more  complex  struc¬ 
ture.  Elementary  sulfur  Is  extremely  corrosive  when  In  contact  with 
copper  and  Its  alloys. 

Hydrogen  sulfide  May  be  present  In  free  state  In  petroleum 

and  It  may  be  formed  in  the  thermal  decomposition  of  more  complex  sul¬ 
fur  compounds.  It  is  extremely  corrosive  In  contact  with  ferrous  and 
nonferrous  metals,  particularly  In  the  case  of  copper  and  Its  alloys. 
With  iron.  It  forms  ferrous  sulfide  whose  conversion  products  exhibit 
pyrophoric  properties.  Commercial  products  must  be  completely  free  of 
hydrogen  sulfide. 

Mercaptans  (R  -  SH).  Reaction-capable  compounds  which  tend  to  oxi¬ 
dation,  consolidation,  and  interaction  with  nonferrous  metals,  particu¬ 
larly  copper  and  ita  alloye,  and  cadmium.  In  the  presence  of  the  mer¬ 
captans,  the  fuels  have  an  unpleasant  odor;  the  solidjllity  of  certain 
plastic  materials  increases  la  such  fuels.  The  activity  of  the  mercap¬ 
tans  varies  and  is  determined  by  the  structure  of  the  hydrocarbon 
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The  content  of  raercaptar^.  in  fuels  is  strictly  limited. 

Sulfides  (R  -  S  -•  R’).  The  reaction  capacity  and  corrosive  acti¬ 
vity  of  the  sulfides  increases  with  temperature. 

Pi-  and  polysulfides  (R  -  S  --  S  ...  -  R').  These  exhibit  a  tenden¬ 
cy  to  consolidation  with  the  formation  of  tars  which  are  separated  from 
the  fuel  in  the  form  of  a  second  phase.  With  an  increase  in  temperature 
the  corrosive  activity  of  these  compounds  increases. 

Thiophanes  and  their  horaoloes 


With  an  increase  in  temperature,  given  the  catalytic  Influence  of 
metals,  particularly  of  copper  and  its  alloys,  these  compounds  are  sub 
Ject  to  extensive  conversion  with  the  formation  of  tarry  (resinous) 
substances . 


are  ItKluded  amotig  the  most  inert  and  stable  sulfur  compounds. 

Table  37  shows  the  gi*oup  composition  of  sulfur  compounds  in  com¬ 
mercial  fuels  boilLns  within  the  llgi'oin -kerosene -fraction  range. 

The  data  in  the  table  do  not  provide  a  complete  pictui'e  of  the 
chemical  stmctuix?  of  all  the  sulfur  compounds.  Unsaturated  sulfur  com 
pounds  may  exist  in  the  fuels,  as  may  certain  of  their  oxides  and,  pos 
slbly,  extremely  hlgh-i'eaotion-capacity  structures  which  will  also  par 
tlcipate  in  the  formation  of  consolidation  products  in  the  fuels  and 


IntensliV  the  corrosive  activity  of  the  compounds. 

Nitrogen  compounds  casi  be  detected  in  substantially  smaller  quan- 


TABLE  37 

Composition  of  Sulfur  Compounds  in  Fuels  [5] 


4 

2 

npflSfaa  ncperoBxa 

3  TepMmecKitS 
xpexosr 

ilOXA«AT6JlB 

1 

II 

HI 

IV 

I 

II 

HI 

^4  CdAepwsnne  eopb  b  Tosan* 
Bax,  %  -i  .  .  .  ;  . 

0.123 

0,219 

0,220 

00 

0,941 

0,647 

3  Coemat  eepHumwe 
cotduHeHua,  % 

^  MepxaoTami  . 

3,26 

ia53 

23,63 

12.35 

0,67 

9,57 

1.18 

5  aan^arn'iecKne  . 

51,10 

47,50 

26,50 

63,00 

14,25 

32,80 

13.60 

i8j 

apouarnHecKae  . 

8,15 

Her 

7,08 

a97 

31,20 

40,80 

35,20 

(ncyxBjjnAU  . 

2,97 

14,80 

9,74 

14,00 

Her 

8,10 

0,26 

. 

.InsBaeKacuiiie  pryiiiio  .  . 

4.72 

9,20 

15,98 

1,68 

1%^ 
He  01 

0,83 

7,70 

1 

■ 

.2  B  TOM  sneae: 
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9,97 
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ig" 

51,22 

7,90 

42,08. 

17  Beero  .  .  . 
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100 
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100 
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100' 

1)  Indicator;  2)  direct  distillation;  3)  thermal 
cracking;  4)  sulfur  content  in  fuels,  5)  com¬ 
position  of  sulfur  compoxinds.  56;  6)  mercaptans; 
7)  sulfides;  8)  aliphatic;  9)  aromatic;  10)  di¬ 
sulfides;  11)  extracted  by  means  of  mercury;  12) 
Including;  13)  elementary  sulfur;  14J  underter- 
roined  sulfur;  15)  not  determined;  I6)  none;  17) 
total. 


titles  than  sulfur  compounds  in  petroleums.  It  may  be  for  this  reason 
that  these  nitrogen  compounds  became  of  Interest  only  in  recent  times, 
in  connection  with  the  development  of  catalytic  processes  of  petro¬ 
leum  f'o fining  and  as  a  result  of  the  Increased  requirements  Imposed  on 
petroleum -product  stability.  It  has  been  established  that  the  nitrogen 
compounds  in  petroleum  iHjduoe  the  activity  of  the  catalysts  and  inten¬ 
sify  the  s'eslnlflcation  of  the  petix)ieum  products. 

Neutral  and  basic  nitrogen  c<wipounds  can  be  distinguished  in  pet¬ 
roleum  and  in  petroleum  products.  Basic  among  these  are  the  nitrogen  com 
pounds  which  can  be  extracted  by  acid -solution  processing.  The  portion 
of  the  compounds  .t!iat  cannot  be  extracted  in  this  manner  are  classified 
as  neuti-al. 
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.  t‘. 

In  this  caae.,  ths  ba Bicity  of  the  nitrogen  compounds  does  not  cor-  .  v. 

respond  to  a  rigorous  chemical  concept,  since  the  thoroughness  of  their 
interaction  with  the  acid  may  vary  as  a  function  of  the  chemical  struc-  id 
ture  of  the  molecules.  ’.j; 

In  the  light  petroleum  fractiona  there  are  no  nitrogen  compounds 

V'! 

or  they  can  be  detected  only  in  negligible  quantities.  V/lth  an  increase  id 

in  the  boiling  point  of  the  fractions  the  nitrogen -compound  content  in- 
creases.  For  example,  in  the  fractions  of  the  sulfur -bearing  Romashkin  •: 

petroleum,  said  fractions  boiling  over  in  a  range  from  300  to  350°,  the  ^ 

quantity  of  nitrogen  amounted  to  0.035^:  in  the  range  between  350  and  ;• 

550°  and  above  550°  the  nitrogen  content  was,  respectively,  0.05S^  and 
O.S55^;  in  the  tars  the  nitrogen  content  came  to  0.64^^,  Tfie  fraction 

ton, 

of  the  basic  nitrogen  with  respect  to  the  total  nitrogen  in  the  petro-  j.; 
leum  amounted  to  28jg,  and  in  the  fractions  boiling  over  within  a  range 
of  175  to  300°,  300-350°,  arid  350-550°,  the  ratio  between  the  basic 

£•* 

nitrogen  and  the  total  nitrogen  in  the  petroleum  amounted  to,  respec-  v 
tlvely,  10056,  8356,  and  7056;  in  the  fraction  boillzrg  over  above  550°, 

'v 

this  ratio  amounted  to  30^,  and  it  was  2456  In  the  tars  [61.  ^ 

There  are  many  data  which  confirm  the  nonuniform  distribution  of 
nitrogen  compounds  in  petroleum-i'efining  products.  II  was  establisi^d  1; 
that  with  an  over-all  content  of  nitrogen  in  the  Dagestan  peti'oleums  ; 

of  0.14-0.16^,  2656  of  nitrogen  remains  in  the  oil  fractions,  suid  60^  !* 

«  -I 

of  nitrogen  remains  in  the  tars  retaoved  with  silica  gel;  14^  of  ni-  v 

4  ' 

trogen  remains  in  the  aspiral tones.  ; 


The  mixtui’e  of  nitrogen  compounds  evolved  from  these  petroleums 
exhibited  the  following  characteristic  [71* 


Specific  weight  .  ,  . 
I^oleoular  weight  • 
Eefractive  index  n  ^  . 

Bolling  point,  °G  .  . 


1.0241 

250 

1.552s 

326  -  340 
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Elementary  composition^ 


C .  82.92 

H . - .  9.61 

0 .  1.47 

N .  5.23 

s .  0.77 


The  presence  of  sulfur  and  oxygen  should  be  attributed  to  the  ac¬ 
companying  admixtures  In  sulfur  and  oxygen  compounds. 

Primarily  three  groups  of  basic  nitrogen  compounds  can  be  distin¬ 
guished  In  petroleum  products. 


I.  Pyridine  derivatives 


II.  Quinoline  derivatives 


III.  laoquilln©  derivatives 


The  presence  of  small  quantities  of  aromatic  amines  Is  possible. 
Aliphatic  amines  have  not  been  found. 

Some  85  individual  nitrogen  compounds,  basic  in  nature  [83,  have 
been  ejctracted  from  petroleums  to  the  present  time.  Jtoabaaio  compounds 
have  not  been  thoroughly  studied.  Hypothetically,  these  include  priinar» 
lly  the  derivatives  of  pyrrole 

«0-CH\ 

I  <1 

C  C»  I 


itc 


V  J. 


KU 


and  the  nitriles  (compounds  containing  the  cyanide  group,  C  «  H)  etc. 

^.ost  of  the  nitrogen  compounds  are  theimlly.  stable.  For  sxaispl*, 
quinoline  is  subject  to  condensation  with  the  breaking  of  the  ring  only 
ai  ’>00®,  ajid  here  a  Itieavy  residue  Is  foraed.  The  isoquinoline  also  re¬ 
acted,  but  somewhat  more  rapidly  (93- 


Their  derivatives,  depending  on  the  stioioture,  possibly  may  react 
at  sin  even  lower  temperature;  however,  for  us  it  is  important  that  this 
process  take  place  with  a  formation  of  a  new  and  more  consolidated  mole 
cule. 

Oii^gen  compounds  of  petroleum  products  have  not  been  studied  to 
any  great  extent,  although  their  quantity  may  increase  and  attain  con¬ 
siderable  magnitudes,  depending  on  the  vaj:*ious  factors  Involved.  These 
factors  include;  1)  the  compounds  that  are  present  in  the  initial  crude 
(raw  material);  2)  the  compounds  newly  formed  in  the  refining  of  the 
petroleum;  3)  the  products  of  the  oxidation  of  the  hydrocarbon  and  non- 
hydrocarbon  portions  of  the  commercial  product  under  conditions  of  stor 
age  and  utilization. 

Oxygen  compounds  should  also  be  distinguished  in  terms  of  the  ex¬ 
tent  of  the  oxidation  conversions  as  a  result  of  which  they  were  formed 

As  is  well  known,  the  oxidation  of  organic  compounds  in  the  liquid 
phase  involves  a  multistage  process  and  these  processes  develop  in  ac¬ 
cordance  with  the  laws  governing  branched  and  degenerate  chain  reac¬ 
tions.  As  a  result  of  the  fact  tnat  in  a  hydrocarbon  medlias  a  substan¬ 
tial  quantity  of  oxygen  compounds  may  exist  —  the  products  of  the  sub¬ 
sequent  conversions,  beginning  with  the  primary  structures  liaving  a 
molecular  weight  close  to  the  compound  being  oxidised,  all  the  way  to 
the  fiiaal  structures  that  do  not  experience  change  under  the  given  con¬ 
ditions. 

The  simplest  initial  piNxiucts  of  the  oxidation  will  easily  bo  dis¬ 
tilled  with  the  petroleum  fs*actions,  spreading  among  these*  The  most 
cojapXex  final  products  of  the  oxidation  and  their  consolidation  will  be 
characterized  by  a  high  molecular  weight  and  in  the  distillation  of  the 
petroleum  fractions  titey  will  be  concentrated  in  the  residue. 

It  can  be  assumed  that  in  the  sequence  of  oxidization  conversions. 


the  following  groups  of  oxygen  compounds  are  formed. 

1.  Peroxides  of  the  ROOH  or  ROOR»  type,  present  in  extremely  small 
q\iantltles)  these  are  subject  to  further  conversions. 

2.  Alcohols  and  phenols,  characterized  by  the  OH  group.  These  com¬ 
pounds  are  quite  stable  and  will  represent  a  substantial  portion  of  the 
formed  oxygen  compounds. 

3.  Compounds  with  the  carbonyl  group 


This  is  a  small  quantity.  In  terms  of  their  chemical  nature,  they 
tend  under  certain  conditions  to  further  conversions:  condensation, 
polymerization,  and  oxidation. 

4.  Acids  characterized  by  the  following  group: 


Most  fi'equently  the  quantity  of  these  does  not  exceed  2-5^  of  the 
entire  quaiitity  of  oxygen  compounds.  Acids  are  extremely  pt-abie  at  com- 
pamtively  high  temperatures.  They  are  regarded  as  corrosively  aggressive 
Kov^ever,  this  is  valid  only  for  compounds  of  low  molecular  wei^t.  *^e 
higher  the  molecular  weight  of  the  acids,  the  lowei^  their  corrosive  ac¬ 
tivity. 

It  should  be  sts’essed  that  the  acidity  of  the  petroleum  products 
does  not  offer  any  idea  as  to  the  entire  quantity  of  oxygen  cos^unds 
contaii'iod  In  petroleums  and  In  the  products  of  pets'oleum  refini:^. 

5.  Semlfunotlonal  oxygen  compounds  (oxy  acids,  keto  acids  and  for¬ 
maldehydes),  condensation  products  (esters),  and  polymerisation  .and  con¬ 
solidation  products  of  different  types.  All  of  these  cois^iu^ds  appear  ae 
a  i’osult  of  side  processes  which  develop  during  oxidation,  and>iiose  its- 


tensity  is  determined  by  tne  chemical  structure  of  the  material  being 
oxidized^  the  temperature  oonditions,  and  the  time  and,  catalytic  a-- 
tivity  of  the  metals  in  contact  with  the  fuel  or  oil. 

Oxidation  products  may  also  be  present,  and  these  are  characterized 
by  two  identical  functional  groups  such  as,  for  example,  peroxides,  al¬ 
cohols,  phenols,  acids,  etc. 

With  the  development  of  the  chromatography  method,  it  became  pos¬ 
sible  to  separate  oxygen  compounds  from  the  hydrocarbon  mixture.  The 
investigation  of  oxygen  compounds  in  commercial  fuels,  boiling  over 
within  the  range  of  the  ligroin -kerosene  fractions,  demonstrated  that 
75-85^  of  bhe  entire  quantity  of  oxygen  compounds  is  distilled  in  a 
vacuum.  The  overwhelming  part  of  the  oxygen  compounds  is  characterized 
by  the  hydroxyl  groups  Icohols  and  phenols)  and  has  the  structure  of 
an  aromatic  ring  with  side  unsaturated  chains  [10]. 

Hence  it  follows  that  the  least  stable  hydrocarbons  of  these  frac¬ 
tions,  subject  to  oxidation  at  the  temperature  of  the  ambient  air,  are 
the  olefinic -aromatic  hydrocarbons.  These  underwent  oxidation  with  the 
unsaturated  bonds  preserved. 

Aliphatic-structure  compounds  with  two  or  more  unsaturated 
bonds  and  to  some  extent  the  unsaturated  naphthenes  should  be  included 
among  the  extremely  unstable  hydrocarbons  that  exhibit  tendency  to  oxi¬ 
dation  under  the  "soft"  conditions  which  may  possibly  prevail  in  con¬ 
temporary  commercial  petroleum  products. 

The  fourth  group  of  nonhydrocarbon  admixtures  includes  the  com¬ 
pounds  with  "ash"  elements. 

The  presence  of  admixtures  cannot  be  tolerated  in  fuels  nor  in  oils. 
Consequently,  we  are  dealing  here  with  microquantities  of  these  com¬ 
pounds  whose  presence  cannot  oe  established  in  the  form  of  a  second 
solid  phase  detectlble  to  the  naked  eye  in  ordinary  light. 


At  the  same  time,  these  quantities,  as  will  be  demonstrated  in 
the  following  chapter,  may  produce  negative  consequences  under  the  con¬ 
ditions  prevailing  in  the  utilization  of  petroleum  products.  The  basic 
mass  of  mineral  admixtures  in  petroleum  is  concentrated  in  the  residue 
products  as  the  petroleum  is  refined.  For  example,  research  in  the  maz- 
outs  of  numerous  petroleums  has  shown  that  the  concentration  of  oxides 
and  sulfur  in  the  "ash"  portion  of  the  mazouts  varied  within  the  fol¬ 
lowing  range  (in  ^  x  10~^)  [11]. 


2  -  320 

2  -  550 

0  -  250 
0  -  300 
0-30 
2  -  350 

0  -  275 

0-50 

0-15 

0  -  450 
5000  -  30000 


It  is  assumed  that  such  elements  as  Al,  Ca,  Mg,  Si,  and  Na  are 
present  as  complexes  or  salts  in  the  form  of  suspensions  or  solutions 
In  water;  Fe,  Ni,  and  V  are  possible  in  the  form  of  porphyrinic  com¬ 
plexes  in  the  petroleum. 

In  order  of  diminishing  petroleum  ash  content,  the  elements  can  be 
classified  as  follows  [12];  S,  0,  P,  N,  V,  K,  Ni,  Si,  Ca,  Fe,  Mg,  Na, 
Al,  Mn,  Pb,  Ag,  Au,  Cu,  U,  Ti,  Sn,  and  As. 

Hence  we  can  see  that  a  substantial  portion  of  the  sulfur  and  oxy¬ 
gen  in  the  petroleum  products  can  be  presented  in  the  form  of  a  com¬ 
pound  with  the  "ash"  elements. 


The  prevention  of  the  corrosion  activity  of  the  residual  fuels  is  a 
function  not  only  of  the  existing  sulfur,  but  also  of  the  detected  com¬ 


pounds  in  the  ash;  NapSOh  (... 


,),  NaVOp,  the  comuic: 


•  «  « 


Na20*V20j|  ‘  of  oxygen,  VpO^,  and  of  the  system  NagSOi^  -  VgO^, 

;  and  it  -  the  prevention  of  the  corrosion  activity-  presents  a  serious 
problem  to  whose  solution  much  effort  is  being  devoted  [13 3* 

However  the  negative  role  of  the  ash  elements  is  not  limited  to 
their  corrosion  activity.  By  means  of  radioactive  tracers  it  has  been 
established  that  after  the  distillate  diesel  fuel  has  been  replaced 
with  heavy  fuel  (containing  the  residual  products  of  petroleum  refining) 
the  abrasive  properties  of  the  spent  oils  (lubricants)  Increased  as  did 
the  wear  on  the  cylinder  casings  [14]. 

Compounds  with  ash  elements  accimulate  in  the  distillate  products 
of  petroleum  refining  as  a  result  of  the  corrosive  dissolution  of  the 
tanks,  the  tubing,  the  pumping  facilities,  and  the  fuel  systems  of  the 
engines.  Moreover,  dust  from  the  atmosphere  and  mineral  impurities  of 
water  will  penetrate  into  the  fuels  and  oils  in  the  presence  of  water. 

In  this  connection,  the  composition  of  the  ash  elements  varies. 

As  an  example  let  us  cite  the  composition  of  the  ash  contained  in 
the  TC-1  fupi  that  is  subjected  to  hydraulic  purification.  The  quantity 
of  ash  that  remains  after  the  combustion  of  such  a  fuel  is  not  very 
great,  amounting  to  0.85  mg/1  as  against  the  completely  acceptable  quan¬ 
tity  0.005^,  or  about  40  rag/l  (GOST  4138-49). 

A  spectral  analysis  of  this  ash  showed  the  presence  of  3.0^  Na, 

2,5^  Al,  6.5^  Pe,  10, 0/^  Ca,  ll.Ojg  Mg,  12.5^  Si,  2.0^  Zn,  2.5^  Pb,  and 
other  elements  as  well.  It  is  quite  clear  that  this  ash  composition  is 
determined  by  the  products  of  the  corrosion  of  the  metals  and  the  con¬ 
tamination  that  penetrates  into  the  fuel  from  without. 

The  removal  of  these  impurities  is  possible  by  the  fine  filtration 
of  the  petroleum  products. 

However,  the  removal  by  filtration  of  particles  having  dimensions 
of  1-30  (X  is  an  extremely  difficult  problem.  In  the  literature,  we  can 
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encovinter  statements  to  the  effect  that  it  is  necessary  for  this  pur¬ 
pose  to  employ  electric  filters  [15]* 
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Chapter  10 

TARS  AND  SLUDGE  FORMATION  IN  HYDROCARBON  MIXTURES 

TARS 

Under  the  conditions  of  prolonged  storage,  many  fuels  give  trou¬ 
ble  in  the  form  of  excessively  rapid  tarring.  In  this  process,  the 
bulk  products  acquire  a  dark  coloration  and  viscous  tars  that  are  ex¬ 
tremely  difficult  to  remove  fall  to  the  bottom  of  the  tank.  In  the  en¬ 
gine's  [fuel]  system,  under  the  influence  of  high  temperature  and  the 
catalytic  action  of  the  metals,  fuels  and  oils  that  are  inclined  to 
oxidize  precipitate  tarry  substances  that  plug  filters,  fuel  and  oil 
lines,  and  precision-fitted  working  pairs,  interfering  with  normal 
fuel  supply  to  the  engine  and  normal  operation  of  the  fuel  system. 

The  processes  that  unfold  at  higher  temperatures  are  accompanied  by 
the  formation  of  a  solid  phase  -  sludge,  which  has  an  even  more  detri¬ 
mental  effect  on  normal  engine  operation. 

Certain  fuel  and  oil  components  may  produce  deposits  of  varnish  — 
solid  products  of  profound  thermal  transformations  -  on  the  engine's 
cyllnder-and -piston  group. 

An  investigation  of  the  elementary  composition  of  the  tars, 
sludges  and  varnishes  showed  that  these  substances  consist  of  carbon, 
hydrogen,  large  quantities  of  oxygen,  sulfur,  nitrogen  and  mineral  el- 
omontQ.  Subsequently,  the  nonhydrooarbon  impurities  present  and  form¬ 
ing  in  fuels  and  oils  are  the  initial  materials  that  determine  the  ac¬ 
cumulation  of  tars,  sludges,  varnishes  and  other  nonhydrocarbon  con¬ 
densation  products. 
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Tars  are  high-molecular*welght  products  of  oxidative  transforma¬ 
tions  and  condensation  of  unstable  hydrocarbons  and  nonhydrocarbon  im¬ 
purities  in  fuels  and  oils. 

Let  us  examine  the  composition  and  conditions  of  formation  of 
tars  as  primary  products  in  this  complex  chain  of  transformtions. 

The  quantity  of  tars  is  Judged  from  the  sum  of  the  compounds  that 
separate  from  the  hydrocarbon  mixture  onto  active  adsorbent  as  a 
result  of  their  higher  polarity.  The  mixture  of  nonhydrocarbon  com¬ 
pound's  that  has  been  separated  chromatographlcally  consists  of  the  sum 
total  of  the  oxygen  compounds  that  had  been  present  in  the  petroleum 
products  and  some  of  the  sulfur  and  nitrogen  compounds. 

.  TABLE  38 


Characteristics  of  Tar  Composition  in  Petroleum 
and  Its  Fractions 
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6,15 

471 

CnHj,_t60, 

ipctawK.  .... 

84.75 

9,75 

[  0,51 

1 

4.92 

757 

C*,HuO, 

1)  Products;  2)  composition,  3)  molecular 
weight;  4)  formula;  homologous  series;  6) 
starting  petroleum;  7)  kerosene;  8)  gas  oil;  9) 
low-viscosity  distillate;  10)  viscous  distil¬ 
late;  11)  residue. 

In  petroleums,  the  total  amount  of  compounds  that  separate  out 
onto  the  silica  gel  or,  as  they  are  normally  called,  ’'silica-gel*' 
tars,  varies  between  2  and  535^  [1,  2].  On  the  average,  this  quantity 
is  15/^  for  typical  petroleums  of  the  Soviet  Union. 

With  increasing  molecular  weight  of  the  tars,  the  cyclizatlon  ob¬ 
served  in  their  molecules  Increases.  It  is  assumed  that  in  this  case. 
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TABLE  39 

Silica-Gel  Tars  of  Cracking  Kerosenes 
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1)  Index;  2)  cracking  kerosene  from  petroleums  of 
Bashkirskaya  ASSRj  31  initial;  4)  after  percola¬ 
tion  through  silica  gel;  5)  cracking  kerosene 
from  petroleums  of  Tatarskaya  ASSR;  6)  cracking 
kerosene  from  Baku  petroleums;  7)  quantity  of 
tars  in  cracking  kerosene  after  l8  months  of 
storage,  rag/lOO  ml;  8)  description  of  tars;  9) 

specific  gravity  d^^;  10)  molecular  weight;  ll) 
iodine* nujftber;  12)  refractive  index  n^®;  13)  hy¬ 
droxyl  numbei^  mg  of  KOH/g;  14)  acid  number,  mg 
of  KOH/g;  15)  ester  number,  mg  of  KOH/g;  16)  car¬ 
bonyl  number,  mg  of  Og/s;  17)  sulfur  content,  Jg; 

18)  boiling  range  at  5  mm  Kg,  ®C;  19)  distillate 
yield,  %, 

aromatic,  naphthenic  and  heterocyclic  rings  may  become  Joined,  either 
directly  or  through  bridge  bonds  formed  by  oxygen,  sulfur  and  nitro¬ 
gen  [3,  4,  5]. 


The  manner  in  which  the  elementary  composition  of  tars  dlstrl- 
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buted  among  the  petroleujn  fractions  varies  may  be  Judged  from  the  data 
of  A.N.  SSLkhanen  listed  in  Table  38. 

The  average  molecular  weight  of  the  tars  increases  with  Increas¬ 
ing  molecular  weight  of  the  hydrocarbon  fractions.  If  we  disreg2ird  the 
small  quantity  of  nitrogen  (which  is  not  Indicated  in  the  table),  then 
no  fewer  than  two  oxygen  atoms  devolve  upon  the  average  tar  molecule; 
this  enables  us  to  regard  them  as  a  mixture  consisting  l2U*gely  of  oxy¬ 
gen  compounds  of  structurally  similar  homologous  series. 

The  basic  part  of  the  resins  is  concentrated  in  the  heavy  and 
residual  products. 

The  tar  content  and,  consequently,  the  oxygen-compound  content  in 
the  ligroln-kerosene  fractions  becomes  noticeable.  In  these  direct- 
distillation  fractions,  the  tar  content  rises  to  0, 1  -  0.25^,  and  to 
0.6  -  1,0^  in  cracking  fractions  [7].  The  quantity  of  tar  increases 
during  prolonged  storage  of  petroleum  products  under  the  influence  of 
elevated  temperature,  catalytically  active  metals  and  contact  with  at¬ 
mospheric  oxygen. 

Table  39  [8]  gives  a  conception  of  the  manner  in  which  silica -gel 
tars  may  accumulate  in  fuels  during  prolonged  storage  under  normal 
conditions,  together  with  a  characterization  of  the  taucs. 

In  cracking  kerosenes,  which  are  distinguished  by  large  contents 
of  unstable  hydrocarbon  and  nonhydrocarbon  impurities,  the  quantity  of 
tars  detected  after  deposition  of  the  original  tars  after  18  months  of 
storage  at  the  ambient  temperature  was  4  to  5  times  the  amount  found 
in  control  fuel  specimens  from  which  the  i^esins  had  not  first  been 
separated.  This  means  that  oxidation  processes  in  fuels  that  have  been 
freed  of  tars,  including  oxygen-lnhlbltitjg  compounds,  develop  at  a 
much  greater  speed. 

The  tars  were  substances  with  high  specific  gravities  and  high  ■ 
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TABLE  40 

Elementary  Composition  of  Tars  and  Their  Transfor¬ 
mation  Products  (in 
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1)  Products j  8)  ashj  3)  total  ash -forming  ele¬ 
ments)  4)  tars  of  Kzyl-Tumshukskiy  petroleum  [ll]j 
5)  asphaltenes  of  these  tars  [11])  o)  tars  or  li- 
groin-kerosene  fractions  from  direct  distillation 
[10])  7)  sediments  obtained  at  85®  from  sulfur 
fraction  and  trapped  on  filter)  8)  same,  obtained 
at  120®)  5)  sediments  obtained  at  150®  from  low- 
sulfur  fraction  and  trapped  on  filter;  10)  'crack¬ 
ing -keroi-ene  tars  [10];  11)  viscous  residue  de¬ 
posited  during  storage  of  cracking  kerosene  [11]; 
12)  sediments  obtained  at  1350  from  low-sulfur 
cracking  fuel  and  trapped  on  filter;  13)  scale 
from  M-11  engine  after  [use  of]  unethylated  gaso¬ 
lines  [12];  14)  varnishes  removed  from  aviation 
engines  after  use  of  unethylated  gasolines  [12]; 
15)  not  ueteiTnined;  16)  same. 


efractlve  indices,  wlilch  testified  to  the  predominance  of  the  aro 
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matlc  structure  among  them.  The  oxygen  compounds  were  characterized  by 
various  functional  groups.  However,  compounds  with  hydroxyl  groups 
predominated  In  the  tars;  there  was  a  large  sulfur  content. 

It  Is  Interesting  to  note  that  much  sulfur  Is  present  In  tars 
from  kerosenes  produced  from  low-sulfur  Baku  petroleums.  After  separa¬ 
tion  of  the  tar*s  that  had  been  present,  there  was  also  much  sulfur  In 
the  new  tars  that  formed.  Indicating  passage  of  new  amounts  of  the 
sulfur  compounds  from  the  fuels  Into  the  ten's,  possibly  after  the  ap¬ 
propriate  oxidative  transformations.  Perhaps  the  same  observations 
would  have  been  made  for  the  nitrogen  compounds,  which  were  not  deter¬ 
mined  In  this  case. 

The  tars,  which  were  extracted  chroma tographically,  were  dis¬ 
tilled  In  a  vacuum.  The  distillate  yield  was  65  -  785^.  Their  solubil¬ 
ity  In  a  hydrocarbon  mixture  was  quite  high.  The  hlgh^olecular-welght 
portion  of  the  tars,  which  did  not  distill  In  vacuum,  did  not  dissolve 
in  the  hydrocarbon  mixture. 

Obviously,  only  the  high-molecular  part  of  the  nonhydrocarbon 
compounds  extracted  frcxn  the  fuels  chroma  tographically  should  be  clas¬ 
sified  among  the  tars  that  influence  the  operational  characteristics 
of  petroleum  products. 

This  relationship  was  noted  long  ego  by  researchers.  However, 
during  the  time  when  the  chromatographic  method  of  analysis,  which  en¬ 
ables  us  better  to  study  the  chemical  structure  of  nonhydrocarbon  im¬ 
purities  In  petroleum  products,  was  not  being  used,  a  classification 
of  tars  was  developed  on  the  basis  of  their  solubility  in  certain 
chet^Ucal  solvents.  This  method  Is  extensively  used  at  the  present 
time. 

4  ■  ■  ■ 

One  classification  distinguishes 

neutral  cars,  which  are  insoluble  in  alkalis  and  acids  and  quite 


soluble  in  petroleum  distillates; 


asphaltenes,  neutral  substances  that  are  not  soluble  in  the  light 
gasolines  from  which  they  separate,  but  are  quite  soluble  in  benzene, 
chloroform,  and  carbon  disulfide, 

carbenes ,  which  are  asphaltene  condensation  products  that  are 
not  soluble  in  carbon  tetrachloride,  benzene,  chloroform  or  cai’bon  di¬ 
sulfide;  they  are  to  some  extent  soluble  in  pyridine. 

carboids ,  substances  formed  from  asphaltenes  at  elevated  tempera¬ 
tures  and  insoluble  in  benzene  and  other  solvents; 

asphaltogenic  acids,  tars  that  are  soluble  in  alkalis  ^id  sol¬ 
vents  such  as  benzene. 

It  is  perfectly  obvious  that  the  high-molecular  part  of  the  non¬ 
hydrocarbon  ‘impurities  ,  which  cannot  remain  in  the  form  of,  a  true  so¬ 
lution  in  a  hydrocarbon  medium  and  precipitates  out  as  a  second  phase 
as  a  result  of  oxidative  and  condensation  transformations,  should  be 
included  among  the  asphaltenes  >  car-benes,  carboids  and  asphaitogertic 
acids.  On  the  other  hand,  the  soluble  part  represents  a  mixture  of 
nonhydrocarbon  ccsspounds  from  which  condensation  products  can  be  obr 
tained.  At  the  same  time,  they  are  of  interest  as  a  source  for  new 
chemical  compounds  that  are  not  used  at  the  present  time. 

It  is  interesting  to  compare  the  elementary  compositions  of  the 
noriiyds*ocarbon  impurities,  their  high -molecular  parts,  the  solid  de¬ 
posits  that  fora  in  the  fuels  at  elevated  temperature^  the  varnishes 
deposited  on  engine  pistons,  their  scales  atid  other  transformation 
products  (Table  ho).  '  : 

AS  would  be  e^q^ected,  the  elementary  c<«5po3ltlon8  of  petroieuii 
tars  and  the  of  its  hish-4sbleculer  part,  wMch  is  ir.soluble  in 
the  hydi^ocai'bor.  mixture  (asphaltenes)  differ  little,  Their  composi¬ 
tions  are  characterised  by ,  exti'emely  high  contents  of  sulfur,  aitro- 


gen  and  oxygen.  In  essence,  all  other  transformation  products  of  the 
high-molecular  part  of  the  nonhydrocarbon  impurities  are  characterized 
by  the  same  property,  irrespective  of  their  phase  composition.  The  da¬ 
ta,  presented  in  the  table  leave  no  doubt  that  the  sources  of  tar, 
sludge,  scale -deposit,  and  varnish  formation  at  both  normal  and  ele¬ 
vated  temperatures  are  the  nonhydrocarbon  impurities  that  are  present 
and  accumulate  in  the  petroleum  products.  Their  quantity,  and,  conse¬ 
quently,  the  quantity  of  the  oxidative -condensation  products  will  de¬ 
pend  on  the  chemical  composition  of  the  petroleum  products  and  the 
operational  conditions,  and  temperature  conditions  in  particular. 
COMPOSITION  AND  CHARACTERISTICS  OP  SLUDGES 

Ash-forming  elements  are  detected  in  tars,  sludges,  deposits  and 
varnishes.  Their  quantity  increases  considerably  as  a  result  of  cor¬ 
rosion  processes,  which  are  intensified  at  elevated  temperature.  Nu- 
meroi^  metals  and  nonmetals  have  been  detected  by  spectral  analysis 
among  the  ash -forming  elements  of  tars  and  sediment.  The  quantities 
of  iron,  copper,  zinc  and  silicon  are  particularly  large.  Table  4l 
’lists  ash  compositions  for  deposits  and  sludges  obtained  on  the  fil¬ 
lers  of  systems  operating  on  type  T  fuels.  The  composition  of  the  de¬ 
posit  and  sludge  ash  shews  elements  that  accumulate  on  refinement 

lo  the  process  of  storing  and  transferring  the  fuel  (Pe, 
2n)  j;,  during  operation  (Cu,  Cd,  Pb,  2n),  due  to  contaialnatlon  by  at¬ 
mospheric  dust  (Si,  Al),  etc.  All  of  these  ash -forming  ele^ients  were 
present  in  the  tars,  deposits  and  sludges.  This  means  that  the  mineral 
part,  t<^ether  with  the  oi’ganic  norshydrocarbon  impurities,  assumes  an 
active  importance  in  the  formation  of  substances  that  precipitated 
from  the  petroleum  products  under  certaJLn  conditions  in  the  form  of  a 
second  pliase. 

It  follows  from  this  that  the  ’’ash"  elements  of  fuels  have  a  no 
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TABLE  4l 

Content  of  Certain  Elements  in  Sludge  Ash  and 
Sediment  of  Type  T  Fuels  (in  %) 


■  1 

SaeMOBTw 

. 

TonAiiao— 

aanpanuioK 

(25«) 

3 

CauoAor 

(45») 

CT«iia  (120* 
|iD  Tonnnao 
0.0i5«4 
Mepicanra* 
noaoii  cepM) 

5 

GreiiadSO®) 

s 

tflatyRBiiti 

paffoato|» 

(135*) 

Pe 

30 

10 

10 

1-4 

11 

Ca 

1.0 

13 

29 

41.4 

36S 

A1 

03 

1.0 

0.4 

3,0 

0,4 

Ca  ‘ 

0.3 

1.0 

0.1 

os-to 

3^ 

Mg 

0,2 

1-2 

a4-i.o 

1.0 

i  1.0 

Sn 

1  a3--1.0 

10—15 

1.0 

0.3 

0.04 

Cd 

'  1-3 

10 

1.0 

_ 

1,0 

Si 

1  3-6 

3-10 

1-3 

1.0 

1.4 

Zn 

1  20-30 

1—3 

10-15 

I  3,0 

10 

Pb 

0;4-1.0 

(W-1.0 

1.5 

1  u 

1—4 

Mo 

OS 

1.0 

ai-0.3 

.  1—3 

OS-1.0 

Na 

0;4-1.0 

11.0 

1.0 

5J) 

1-3 

l)  Eler.sntj  2)  fueling  pump  (25°);  3)  aircrsift 
{  <>);  4)  stand  (120°  in  fuel  with  0.045^  of 

mercaptan  sulfur);  5)  stand  (150°);  6)  brass 
radiator  (135°)* 

less  detrimental  influence  on  the  operational  properties  of  fuels  and 
oils  than  the  high-molecular  part  of  the  organic  nonhydrocarbon  im¬ 
purities. 

Depending  on  the  chemical  nature  of  the  "ash”  elements  and  the 
particle  sise  of  the  solids  that  form  in  fuels  and  oils,  there  arises 
an  additional  danger  of  abrasive  wear  of  components  of  mechanisms 
manufactm*ed  with  high  precision  and  small  tolerances. 

In  diesel  fuels  and  masouts,  the  processes  in  which  Insoluble  de¬ 
posits  form  and  accumulate  develop  with  considerable  speed,  even  at 
low  temperatures.  GiHswth  of  these  pai‘ticles,  which  have  initial  sizes 
ranging  fi’Oia  0,1  to  1  takes  place  during  storage  and  particularly 
duritig  storage  at  high  temperature.  In  diesel  fuel,  heating  to  43^  for 
12  weeks  was  attended,  apart  from  art  increase  in  the  absolute  amount 
of  insoluble  residue,  by  an  increase  in  the  sise  of  the  largest  parti¬ 
cles  fiw.  2-8  to  10.4  |i  [13]. 

It  was  estimated  that  1  ma  [sic]  of  masout  contained  (14]  100  sol¬ 
id  sediment  particles  from  2''^  to  30  u  in  diameter,  2200  particl?ss  be- 
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tween  5  and  20  ix,  and  98>000  particles  from  1  to  5  |i. 

The  solid -particle  content  in  standard  TS-1  fuel  was  investi¬ 
gated  under  the  supervision  of  I.N.  Antipov-Karatayev  at  the  Soil  In¬ 
stitute  imeni  V.V.  Dokuchayev,  Academy  of  Sciences  USSR. 

Using  the  mlcrcscoplc  method  of  dispersion  analysis,  the  content 
of  solid  particles  prior  to  filtration  was  established  at  0.056^^  by 
weight,  while  after  filtration  through  a  standard  fuel-pistol  filter 
it  dropped  to  0.  024j^  by  weight. 

Table  42  shows  the  distribution  of  solid  particles  in  the  fuel  by 
sizes. 


TABIE  42 

Distribution  of  Solid  Particles  in 
Fuel  TS-1  by  Sizes  (in 


1  PasMop  ^acinn, 

Mtt 

' 

B  ncxoAueu 
Tonanno 

noeao 

3Tpa  ton- 

*'anno8a« 

npasiivixa 

4 

<5  (n  cp^a^cM  2,48) 

52,50 

64,40 

5—10  (b  cpcAiioM  6,41) 

•  24,50 

18,10 

10—50  (b  cpcABCM  14,70) 

22,66 

17,35 

50—80  (b  cpcAUOM  61,20) 

0,15 

0,07 

>80 

0,07 

0,09 

1)  Particle  size,  IJ.;  2)  in  initial 
fuel;  3)  after  passage  through  fu¬ 
el-pistol  filter;  4)  averaging. 

The  deposit  on  the  filter  consisted  of  5.98^  of  hygroscopic  mois¬ 
ture,  68.595^  of  organic  substances  that  could  be  removed  on  roasting, 
and  8.8655  of  ferric  oxide. 

The  authors  of  the  report  conclude  that  the  tarry  substances  in 
the  fuel  should  be  regai’ded  as  a  peptizer  for  mechanical  impurities. 

With  Increasing  temperature,  the  sediment-particle  size  in  fuels 
and  oils  shows  a  disproportionate  Increase. 

It  is  evident  from  the  example  furnished  by  fuels  boiling  in  the 
llgroln -kerosene  range  that  the  sediment -particle  size  increases  no- 
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TABLE  43 

Variation  of  Sediment-Particle  Size  as  a  Function  of  Temperature,  to 
Which  Fuel  Is  Heated  [I6] 


TonmiDo  T-5  (FOCT  9145-59) 


3  Ton;inDO  T-1 
(roCT  4138-49) 


TonTODO  TC-1 
(rOCT  7149-54) 


•  '1 


Ojuthrpu 


^TCMncparypa  narpcaa  TOnanaa,  *C 


120 

150 
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6  CTeKaangHS  ^  4;  ga- 

RopHtHuaeTCB  ocaAKa, 

«/100  ma . 

1.9 

4.9 

0,6 

T 

OcafiOK  na  flpyriix  ^taatTpax,  %  o 


250 

i 

120 

1 

150 

i 

200 

250 

120 

150 

'200 

250 

0.4 

5,2 

7.5 

2,0 

1.7 

3.4 

6,9 

1.3 

1.0 

3  a  A  e  p  >K  a  II  a  0  r  0  ii  a  c  t  e  ira  «  n  n  o  m  M  4 


8 


ByMawnuii  c  otaepCTn- 

HMn  6—7  MK  .... 
MCTaAAUgeCKBS  C  OTBCp- 
CTiiAun,  mk: 

81,5 

94 

100 

100 

70 

97,5 

100 

100 

61 

97 

100 

15 

30  . 

50 

120 

26.4 

5,2 

0 

0 

61 

33,4 

26 

4 

100 

ICO 

54 

38,5 

100 

100 

63.4 

44.4 

24 

2,3 

0 

0 

74.6 
47.1 

30.7 
13,6 

100 

109 

47,5 

15 

100 

100 

o3 

18 

24,6 

2,9 

0 

0 

63 

47,7 

34 

8 

100 

100 

44,4 

15 

100 


100 

100 

60 

30 


1)  Filter;  2)  fuel  T-5  (GOST  9145-59);  3)  fuel  T-1  (GOST  4138-49);  4) 
fuel  TS-1  (GOST  7149-54);  5)  heating  temperature  of  fue] ,  <^0;  6}  glass 
No.  4;  residue  trapped  in  mg/lOO  ml;  7)  deposit  on  other  filters,  ^  of 
that  trapped  on  No.  4  glass  filter;  8)  paper  with  6  -  7-4J.  holes;  9) 
metallic  filter  with  hole  sizes  in  \i. 


ticeably  with  Increasing  temperature.  An  increasingly  large  quantity 
of  sediment  is  trapped  on  filters  with  large  openings  (Table  43). 

This  is  nicely  Illustrated  by  Fig.  76,  which  shows  photographs 
made  at  a  magnification  of  80  of  the  sediment  that  formed  in  the  fuel 
after  6  hours’  heating  in  autoclaves  at  various  temperatures  in  con¬ 
tact  with  bronze. 

To  minimize  the  influence  of  oxidative  processes,  the  autoclaves 
were  rinsed  with  nitrogen  prior  to  the  test,  and  the  fuel  was  tested 
at  an  initial  nitrogen  excess  pressure  of  1  atmosphere. 

Under  these  conditions,  the  oxidation  processes  were  extremely 


li'mited  and  could  take  place  only  at  the  expense  of  the  residual  oxy¬ 
gen  In  the  liquid  phase  and  oxygen  impurities  in  the  nitrogen  (0. 6  — 
0.8^).  The  extremely  small  amount  of  sediment  obtained  fully  con- 
flznned  the  hypothesis  set  forth  above;  it  was  the  more  interesting  to 
observe  the  ohai'ige  in  particle  size  of  these  sediments  as  a  function 
of  temperature  as  a  result  of  condensation  processes. 

The  total  weight  of  sediment  formed  reaches  its  maximum  at  a  cer 
tain  ter.iperature  and  then  drops  regardless  of  further  temperatui’e  in¬ 
creases.  This  effect  finds  its  explanation  when  we  consider  the  opti¬ 
mum  conditions  for  oxidation  of  unstable  components  in  a  hydrocarbon 
mixture. 

-M  1  .7  ,7/  n/  1/ 


rr-'-,..  ■'  ^  . 
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Pig.  76.  Influence  of  temperature  on  condensation  and  nai'tlcle- 
size  increase  in  tkiel  sediment.  I)  T-S  fuel;  2)  T-1;  3)  TS-1;  4) 

T-2;  8)  T-2  with  cracking  component. 

As  we  indicated  eai*lier,  tai'-,  sediment-  and  varnish  formation  in 

fuels  and  oils  take  place  as  a  result  of  oxidative  condensation  of  non 

iiydrocarbon  impurities.  Oxidation  of  this  type  takes  place  in  the  llq- 


uld  phase,  where  the  hydrocarbon  mixture  is,  as  it  were,  a  medium  in 
which  new  oxygen  compounds  form  from  the  unstable  hydrocarbons  and  the 
nonhydrocarbons  present  are  subjected  to  further,  more  profound  trans¬ 
formations.  The  higher  the  temperature,  the  more  intensive  is  the  de¬ 
velopment  of  the  oxidation  process.  With  increasing  temperature,  how¬ 
ever,  the  vapor  pressure  of  the  hydrocarbons  above  the  liquid  pha?e 
will  increase,  with  the  result  that  diffusive  penetration  of  atmos¬ 
pheric  oxygen  into  the  medium  being  oxidized  is  restricted.  In  other 
words,  the  exchange  necessary  for  normal  progress  in  liquid -phase  oxi¬ 
dation  is  disturbed. 

The  oxidation  will  be  least  pronounced  at  the  boiling  point  of 
the  hydrocarbon  mixture. 

As  we  approach  the  boiling  point,  the  oxidation  process  in  the 
liquid  phase  dies  out,  culminating  in  condensation  of  the  high-molecu¬ 
lar  oxidation  products  that  have  already  formed.  In  the  gaseous  phase 
above  the  product,  the  concentration  of  oxygen  by  weight  drops  with 
increasing  temperature  and,  consequently,  with  increasing  quantities 
of  hydrocarbon  vapor.  If,  however,  the  oxygen  concentration  were  ade¬ 
quate,  development  of  oxidation  processes  in  the  gaseous  phase  would 
require  Incomparably  higher  temperatures  (400  -  500°)  than  can  be  ob¬ 
served.  Consequently,  oxidation  of  the  nonhydrocarbon  compounds  of  fu¬ 
els  and  oils  will  Intensify  only  up  to  the  temperature  at  which  the 
petroleum-product  vapor  pressure  Increases  sharply. 

Each  petroleum  product  will  be  characterized  by  its  own  equilib¬ 
rium-boiling  temperature,  and  by  its  own  type  of  vapor-pressure  vari¬ 
ation  on  heating.  Temperatures  of  maximum  sediment  formation  can  be 
established  in  accordance  with  this. 

Table  44  shows  the  variation  of  the  equilibrium-boiling  tempera¬ 
tures  as  functions  of  the  pressures  developed  on  heating  for  fuels 
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that  boll  in  the  ligroln-kerosene  fractions. 

For  such  fuels ,  which  have  similar  production  methods  and  unsta¬ 
ble-component  contents,  the  maximum-sedimentation  temperature  lies  in 
the  range  from,  I50  —  200°  [17,  I8]. 

As  the  heating  temperature  is  further  increased,  the  quantity  of 
sediment  foimied  diminishes  and  becomes  very  small  at  250°.  Conse¬ 
quently,  the  problem  of  sedimentation  at  heating  temperatures  above 
200°  is  not  pressing  for  direct -distilled  llgroin-kerosene  fractions 
unless  the  process  takes  place  at  an  elevated  air  temperature. 

This  applies  only  for  cases  in  which  the  heating  rate  is  so  high 
that  precipitation  of  a  solid  phase  does  not  occur  on  passage  through 
the  maximum-sedimentation  temperature  range.  We  note  that  in  modern 
type  T  fuels,  sedimentation  is  observed  3  ~  ^  hours  after  a  tempera¬ 
ture  of  150°  has  been  reached.  Naturally,  this  limit  will  move  into  a 
higher -temperature  region  for  higher -boiling  fuels,  and  the  more  so 
for  oils.  The  above  does  not  apply  to  the  corrosive  aggressiveness  of 
petroleum  products.  In  the  presence  of  corrosively  active  components 
that  are  stable  under  these  conditions,  the  corrosion  aggressiveness 
of  fuels  and  oils  increases  with  temperature. 

TABLE  ^4 

Variation  of  Equilibrium-Boiling  Temperature 
of  Fuels  as  a  Function  of  Pressure  Developed 
on  Heating 
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®  TC-l 

137-226 

164,6 

120 

150 

200 

250 

1,55 

1,90 

2,70 

4,95 

155-243 

104-256 

176-270 

203-305 

183 

190 

203 

236 

T-1 

143-267 

178,8 

120 

150 

200 

250 

1,45 

1.83 

2,35 

4,30 

157-284 

170-290 

185-315 

205-345 
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1,25 

195-316 
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150 

1,40 

200-320 
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T-5 

188-308 

233,9 
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1,8C 

210-336 

258 

• 

250 

2,65 

230-360 
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l)  Puelj  2)  normal  pressure;  3)  boiling  range, 
OC;  4)  equilibrium-boiling  temperature;  5)  el¬ 
evated  pressure;  6)  heating  temperature,  ^C; 

7)  pressure  above  fuel,  atmospheres;  8)  TS-i. 


CONCERNING  THE  MECHANISM  FORMATION  OP  A  SOLID  PHASE  IN  A  HYDROCAR¬ 
BON  MEDIUM 

We  have  yet  to  consldei'  the  mechanism  of  formation  of  the  solid 
phase  that  precipitates  out  of  a  hydrocarbon  mixtui^  in  the  form  of 
viscous  tars,  solid  deposits,  sedlmenti  varnishes  and  other  conden- 

•  ■■  V 

tion  products  as  a  function  of  temperature  and  other  conditloi^. 

The  initial  fuels  or  oils,  which  are  free  of  mechanical  iispuri- 
tles ,  may  be  regarded  as  true  solutions  of  nonhydrocarbon  organic  c<»a- 
pounds  in  a  hydrocarbon  medium.  The  correctness  of  this  conception  is 
confirmed  by  the  fact  that  thoroughly  filtered  type  T  fuels  give  a 
clear  bacV':rcund  under  an  electron  microscope  at  a  magriricatlon  of 
10,000.  Molecules  that  are,  as  it  were,  overlotded  by  heteroatoms  form 
in  an  early  stage  of  the  oxidative  transfos’mations  of  the  hydrocarbons 
and  noniiydrocarbon  impurities,  and  some  of  these  fom  the  material  for 
roi'mation  of  a  solid  phaeo.  Their  presence  in  the  hydrocarbon  mixture 
changes  the  physical  nat’Te  of  the  solution.  Such  a  solution  may  be 
regarded  as  a  semicolloldal  system  in  the  sense  that  it  simultaneously 
contains  a  considerable  quantity  of  a  truly  soluble  part  of  the  mate- 
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rial  from  which  a  colloidal  phase  forms  In  the  surrounding  disperse 
medium  [19]»  On  the  whole,  such  systems,  which  are  characterized  by 
particles  much  smaller  than  1  p.  in  diameter,  are  classified  as  col¬ 
loids  with  maximum  dispersion  and  stability. 

Let  U8  recall  that  the  dispersion  of  such  systems  is  detorralned 
by  the  molecular  nature  of  the  two  phases  and  their  state. 

Further  transformations  take  place  with  changes  in  phase  composi¬ 
tion  under  the  influence  of  various  factors,  primarily  temperature. 
Instability  of  state  intervenes  at  this  point;  we  observe  enlargement 
and  condensation  of  solid-phase  particles,  which  precipitate  from  the 
system  in  the  form  of  viscous  tars  or  a  deposit.  The  nature  of  the 
solid  phase  that  separates  out  is  determined  primarily  by  temperature 
conditions.  At  low  temperatures,  it  takes  the  form  of  viscous  tars. 

The  process  in  which  they  form  requires  months  and  years.  At  higher 
temperatures,  flocculent  solid  particles  will  form.  The  rate  of  their 
formation  will  be  reckoned  in  hours.  A  varnish  film  will  form  at  a  hot 
surface  at  temperatures  of  250®  and  higher.  The  higher  the  temperature 
of  the  medium,  the  richer  in  carbon  will  be  the  molecule  of  the  solid 
phase,,  since  it  has  been  subjected  to  profound  thermal  destruction. 

The  final  products  of  this  destimction  are  sootlike  formations  which, 
of  course,  are  far  from  being  pure  carbon  but  are  extremely  rich  in  it 
due  to  processes  of  thei^^l  decomposition  of  the  high-molecular-weight 
part  of  the  nonhydrocarbon  impurities  In  the  fuels  or  oils. 

Contaminatiosi  by  "ash"  elements  contributes  very  greatly  to  bi»eak- 
down  of  the  colloidal  system  with  foranation  of  a  pi'eclpitatlisg  secorjd 
phase.  Extremely  fine  particles  of  metal -corrosion  products  and  atmos¬ 
pheric  dust  which  penetrate  Into  the  fuels  or  oils  act,  as  it  were,  as 
centers  around  which  the  organic  particles  of  high -molecular -weight, 
nonhydi'ocarbon  impurities  aggregate.  This  is  why  large  quantities  of 
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ash  elements  are  detected  in  the  deposits,  varnishes  and  sediments  Ir¬ 
respective  of  the  source  from  which  they  have  accumulated.  Their  elim¬ 
ination  from  the  petroleum  products  would  result  in  considerable  re¬ 
striction  of  the  tar-  and  sludge-formation  processes. 


Fig.  77.  Insoluble  deposits  in  fuels  subjected  to 
heating  in  autoclaves  at  15OO.  l)  T-55  II)  T-lj 
III)  TS-li  IV)  T-2. 


' V  78.  Insoluble  deposits  in  fuels 
sv*jjectQ<;  to  heating  at  1500  in  a 
system  communicatini.’!:  with  the  atmos- 
pliere.  I)  II)  T-ii  III)  TS-l. 


It  has  been  noted  that  the  oxidation  products  of  hydrocarbons  and 
the  nonhydrocarbon  impurities,  which  are  characteriaed  by  aliphatic 
structure,  are  held  in  the  form  of  true  solutions  with  the  hydrocar¬ 
bons  considerably  longer  than  aystems  with  cyclic  (preferentially  aro- 

jaatic)  Dtructuiv. 

It  has  been  established  that  airomatic  slsnsctuj'es  the  basic 


mass  of  the  tars.  This  is  what  determines  the  nature  of  the  colloidal 
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Gys terns.  They  are  lyophllic  toward  aromatic  hy¬ 
drocarbons  and  lyophobic  toward  hydrocarbons 
with  the  aliphatic  structure. 

Obviously,  the  dispersion  of  the  colloidal 
syetem,  its  physical  state,  and  the  rate  at 
which  it  brealcs  down  to  liberate  a  solid  phase 
depend  to  a  considerable  degree  on  the  chemical 
composition  of  the  petroleum  products. 

All  this  is  clearly  evident  on  microphoto¬ 
graphs  of  direct-distilled  fuels  that  boil  in 
the  range  of  the  ligroln-kerosene  fractions. 
Figures  77  and  78  show  fue]^s  after  6  hours  of 
heating  in  contact  with  bronze  at  a  temperature  of  150°,  while  Pig.  79 
shows  them  after  heatiiii?  at  120°. 

The  upper  row  shows  microphotographs  of  fuels  made  immediately 
after  the  test  at  a  magiuficatlon  of  80.  Particles  of  deposits  that 
represent  an  aggregated  system  of  varying  density  are  seen  clearly 
here. 

The  lower  row  shows  electron  microphotographs  of  fuels  that  had 
been  subjected  to  preliminary  filtration  through  a  dense  filter  after 
the  test.  No  solid  particles  could  be  seen  in  these  filtrates  at  a 
magnification  of  600.  At  a  magnification  of  10,000,  however,  a  large 
number  of  solid  imrtlcles  smaller  tlian  1  P-  In  size  is  detected  in 
thesu  It  is  perfectly  obvious  that  here  we  had  a  colloidal,  system 
whose  breakdown,  together  with  aggregation  of  a  solid  phase,  resulted 
in  deposits  tliat  precipitated  from  the  iiydrocarbon  mixture. 

Figiire  79  shows  that  there  is  apparently  no  solid  phase  in  fuel 
T-2  after  testing  at  120^  and  at  a  magnification  of  80,  However,  a 
photograph  taken  with  an  electron  microscope  (lower  frame)  shows  that 
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Pig.  79.  T-2  i'u- 
el  after  heating 
at  120°  in  a  sys¬ 
tem  communicating 
with  the  atmos¬ 
phere. 


heating  of  the  initial  fuel,  which  was  a  true  solution,  turned  it  into 
a  colloidal  system  with  particles  ranging  from  0.1  to  0.4  |i  in  size. 

The  rate  and  profundity  with  which  the  colloidal -system  solid 
phase  aggregates  is  strongly  influenced  by  the  elevation  of  tempera¬ 
ture  to  which  the  system  is  subjected  and  the  dirt  particles,  which 
are  capable  of  acting  as  coagulation  centers  for  the  solid  phase. 

Thus,  two  processes  share  the  basic  role  in  formation  of  tars, 
deposits  and  sludges  in  petro3e\im  products:  1)  oxidation  of  unstable 
hydrocarbons  and  nonhydrocarbon  Impurities  to  varying  depths;  2)  con¬ 
densation  of  the  oxidation  products  to  form  a  precipitating  second 
phase. 


Fig.  80.  Fuel  with  surface -active  additive  after 
6  hours  of  heating  in  contact  with  bronze  at  150®.  l) 

T-1;  II)  TS-1;  III)  T-5;  IV)  T-2. 

These  undesirable  processes  can  be  prevented  by  purification  and 
fine  filtration  of  petroleum  products.  The  use  of  additives  may  also 
be  found  highly  effective  (see  Chapter  1?);  these  should  ecMnbine  two 
functions  -  those  of  antioxidants  and  dispersing  agents. 

Antioxidant  ^dditlves  make  it  possible  to  inhibit  or  prevent  ox¬ 
idation  processes  in  fuels  and  oils,  pai'ticulai'ly  in  the  stage  in 
which  hlgh-molocular-welght  compounds  form. 

Dispersing,  oi',  as  they  are  sometin\es  called,  detergent  additives 
enable  us  to  prevent  breakdown  of  the  colloidal  system  in  cases  where 
such  a  system  has  formed  and  aggregation  of  the  solid  phase  into  pi’e- 


cipitatlng  tars,  deposits  and  sludges. 

As  a  result  of  adsorption  or  chemosorption,  a  minute  pai'tlcle  of 
the  colloidal  system  is  "protected"  by  a  monomolecular  layer  of  addi¬ 
tive,  with  the  result  that  breakdown  of  the  colloidal  system  and,  con¬ 
sequently,  coagulation  and  subsequent  precipitation  of  a  solid  phase 
are  prevented.  Together  with  this,  the  negative  influence  of  the  non¬ 
hydrocarbon  impurities  present  and  the  processes  of  their  oxidative 
condensation  in  the  petroleum  products  are  localized  to  vai-ying  de¬ 
grees. 

The  results  obtained  with  an  effective  surface -active  dispersing 
additive  may  be  seen  in  Pig.  80. 

After  prolonged  heating  at  150°,  no  particles  of  a  solid  coagu¬ 
lated  phase  are  seen  in  fuels  containing  such  an  additive  when  in¬ 
spected  at  a  magnification  of  80.  The  fuel  is  transparent  (see  top  row 
of  photographs).  Only  at  a  magnification  of  10,000  under  an  electiK>n 
microscope  do  we  see  solid-phase  particles  with  sizes  from  0.  2  to 
0. 5  (see  lower  row  of  photographs).  In  other  words,  we  were  dealing 
in  this  case  with  a  stabilized  colloidal  system. 

When  such  additives  are  employed,  commercial  fuels  and  oils  may, 
in  the  majority  of  cases,  be  employed  in  thermally  stressed  systems 
without  any  further  technological  processlr.g  (see  Chapter  23). 
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Chapter  11 

BEHAVIOR  OF  FUELS  AT  LOW  TEMPERATURES 

When  we  speak  of  low -temperature  properties  of  fuels  we  refer  to 
those  specific  features  encountered  in  the  behavior  of  fuels  as  their 
temperatures  are  reduced,  and  as  a  result  of  which  it  becomes  difficult 
to  provide  for  th^  normal  flow  of  fuel  throiogh  the  fuel -feed  system  of 
an  engine;  in  addition,  there  may  be  difficulties  in  the  flow  of  fuel 
during  transportation,  pumping,  delivery,  and  fuel  servicing,  in  addi¬ 
tion  to  the  difficulties  that  may  be  encountered  in  the  starting  of  a 
cold  engine. 

The  most  Important  changes  in  fuel  properties,  taking  place  with 
a  drop  in  temperature  and  impairing  the  operational  characteristics  of 
the  fuel,  involve  the  separation  of  a  second  liquid  or  solid  phase  from 
the  fuel,  causing  the  fuel  to  lose  its  mobility  and  producing  a  pro¬ 
nounced  reduction  in  the  pressure  of  the  saturated  fuel  vapors.  More¬ 
over,  with  a  drop  in  temperature  the  water  vapors  from  the  intake  air 
condense  in  carburetor  engines,  resulting  in  ice  formation  on  the  throt¬ 
tle  valves  and  on  the  walls  of  the  carburetor. 

L't'^lng  the  fueling  of  the  engine,  with  a  fuel  containing  a  solid 
phase  in  the  form  of  crystals,  the  filters  become  choked  with  crystals 
as  a  result  of  which  there  is  a  pronounced  drop  in  the  capacity  (output) 
of  the  fueling  unit.  With  fuel  feed  from  a  tank  through  a  fuel -feed 
system,  the  supply  of  fuel  is  at  first  disrupted  and  then  completely 
stopped  as  a  result  of  the  choking  of  the  filters  with  crystals. 

As  the  fuel  becomes  immobile,  it  becomes  difficult  or  completely 


Impossibly,. to  transfer-  it  from  the  railroad  tank  cars,  and  this  applies 
equally  to  the  pumping  of  such  a  fuel  or  its  utilization  for  servicing. 

With  a  drop  in  the  pressure  of  the  saturated  fuel  vapors  the  vola¬ 
tility  of  the  fuel  diminishes  and  as  a  result  it  becomes  difficult  to 
start  the  engine.  The  increased  deposition  within  the  engine  and  the 
impairment  of  the  quality  of  the  lubricant  employed  are  associated  with 
this  incomplete  vaporization  of  the  fuel  at  low  temperatures. 

As  a  result  of  carburetor  icing,  the  amount  of  air  that  passes 
through  the  valves  is  restricted  and  the  rpm  of  the  engine  is  reduced  — 
the  engine  begins  to  function  intermittently.  Under  particularly  un¬ 
favorable  conditions,  the  icing  of  the  throttle  valve  is  so  pronounced 
that  it  freezes  completely  shut  and  the  engine  ceases  to  function. 

....  High-melting  hydrocarbons;  primarily  of  the  paraffinic  series  in 
the  fuel  composition,  and  the  water  dissolved  in  the  fuel  or  condensed 
from  the  air  on  the  surface  of  the  cold  fuel  are  the  factors  responsible 
for  the  separation  of  the  solid  phase  from  the  fuel.  The  loss  of  fuel 
mobility  takes  place  either  as  a  result  of  a  pronounced  Increase  in 
fuel  viscosity  (to  hundreds  and  thousands  of  stokes),  or  as  a  result  of 
the  formation  of  a  crystal  lattice  of  high-melting  hydrocarbons,  and 
here  the  viscosity  of  the  fuel  is  not  yet  of  a  magnitude  adequate  to 
preclude  f^ael  mobility.  It  is  for  this  reason  that  in  the  last  case 
under  dynamic  conditions,  i.e.,  in  the  case  of  the  puraping  of  the  fuel, 
the  fuel-purapability  temperature  may  be  15-20°  lower  than  the  freezing 
temperature  (point). 

In  an  examination  of  the  low -temperature  properties  of  a  fuel,  we 
should  dwell  in  some  detail  on  the  following  problems. 

1,  The  separation  of  high-melting  hydrocai'bons  from  the  fuels  at 
low  temperatures. 

2.  The  nature  of  the  change  in  fuel  viscosity  with  a  reduction  of 
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the  fuel  temperature. 

3*  The  behavior  of  the  water  in  the  fuel  and  the  water  vapors  in 
the  Intake  syscem  of  the  engine. 

4.  The  volatility  of  the  fuel  at  low  temperatures. 

THE  SEPARATION  OF  HIGH-MELTING  HYDROCARBONS  FROM  FUELS  AT  LOW  TEMPERA¬ 
TURES 

The  separation  of  high-melting  hydrocarbons  from  fuels  at  low  tem¬ 
peratures,  with  the  subsequent  formation  of  a  crystalline  structure,  is 
the  basic  factor  responsible  for  making  the  normal  application  of  the 
fuels  difficult.  Not  all  hydrocarbons  making  up  a  fuel  exhibit  high 
melting  points.  As  a  rule,  the  greater  part  of  the  hydrocarbons  in  the 
composition  of  a  fuel,  and  frequently  the  predominant  mass  of  the  hydro¬ 
carbons,  exhibit  low  melting  points. 

The  presence  of  a  relatively  small  quantity  of  high-melting  hydro¬ 
carbons  (10-20^)  in  a  fu-1  is  completely  sufficient  to  raise  substan-  . 
tially  the  temperature  for  the  initiation  of  crystallization  and  the 
solidification  of  fuels. 

Of  all  the  hydrocarbons  in  the  paraffinic  series  which  can  be  found 
in  the  composition  of  aviation  gasoline j,  the  highest  melting  point  is 
exhibited  by  normal -structure  hydrocarbons,  if  we  exclude  the  overly 
branched  S5rmme  trie -structure  hydrocarbons.  Since  in  contemporary  avia¬ 
tion  gasolines  the  presence  of  hydrocarbons  vioh  more  than  7  to  8  car¬ 
bon  atoms  as  well  as  symmetric -structure  hydrocarbons  is  virtually  ex¬ 
cluded,  the  paraffinic  portion  of  the  aviation  gasolines  is  made  up  of 
hydrocarbons  having  a  melting  point  below 

Naphthenic  hydrocarbons  which  can  be  Included  in  the  composition 
of  aviation  gasolines,  with  the  exception  of  cyclonexane  and  several 
Ollier  hydrocarbons  having  a  melting  point  ranging  fim  -20  to  -50°, 
also  melt  below  “60°.  Because  the  content  of  cyclohexane  as  viell  as  of 
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Pig.  8l.  The  crystallization  temper¬ 
ature  of  benzene  as  a  function  of  the 
hydrocarbon  composition  of  gasoline. 

1)  Alkylate;  2)  B-70  gasoline;  3)  80^ 

B-70  gasoline  +  20^  toluene;  4)  tolu¬ 
ene;  5)  diesel  fuel  with  a  cetane  ad¬ 
ditive;  A)  Crystallization  temperature, 

*^0;  b)  benzene  content,  ^  by  weight. 

other  naphthenic  hydrocarbons  having  a  melting  point  above  -50  to  -60® 
is  comparatively  low  in  aviation  gasolines,  the  naphthenic  portion  of 
the  aviation  gasolines  Is  virtually  also  composed  of  hydrocarbons  hav¬ 
ing  a  melting  point  below  -60®. 

With  respect  to  aromatic  hydrocarbons,  some  of  these,  having  a 
high  melting  point,  are  either  contained  In  noticeable  quantities  In 
base  gasolines  obtained  by  catalytic  processes  (xylenes),  or  are  added 
to  the  base  gasolines  in  the  form  of  components  to  Improve  the  anti¬ 
knock  properties  of  the  fuels  (pyrobenzene,  benzene).  Therefore  the 
impairment  of  the  low-temperature  properties  of  aviation  gasolines  can 
be  brought  about  solely  through  the  presence  of  aromatic  hydrocarbons, 
particularly  benzene.  The  temperature  at  which  the  benzene  is  crystal¬ 
lized  from  the  gasoline  depends  on  the  benzene  content  and  its  solubi¬ 
lity  in  gasoline,  this  determined  by  the  hydrocarbon  composition  of  the 
latter  (the  gasoline).  As  can  be  seen  from  Pig.  8l  the  greater  solubi¬ 
lity  is  exhibited  by  the  benzene  in  aromatic  hydrocarbons,  i.e.,  in  the 
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hydrocarbons  that  are  analogous  to  the  benzene  in  structure,  and  the 
lowest  solubility  is  exhibited  by  the  benzene  in  the  paraffinic  hydro¬ 
carbons  . 

In  automotive  gasolines  the  content  of  aromatic  hydrocarbons  and 
particularly  of  benzene  is  not  too  great;  the  end -of -boiling  for  gaso¬ 
lines  reaches  205°.  Therefore,  with  the  introduction  into  these  auto¬ 
motive  gasolines  of  a  substantial  quantity  (more  than  ^0%)  of  direct - 
distillation  gasolines  derived  from  paraffinic  petroleums,  the  crystal¬ 
lization  temperature  for  the  automotive  gasolines  will  be  determined  by 
the  paraffinic  hydiocarbons  of  normal  structure.  However,  the  highest- 
melting  paraffinic  hydrocarbon  which  can  be  found  in  the  composition  of 
a  gasoline  —  undecane  —  exhibits  a  melting  point  of  -25*6°;  therefore, 
automotive  gasolines,  as  a  rule,  have  low  crystallization  temperatures. 

A  more  urgent  problem  is  the  one  having  to  do  with  the  crystalli¬ 
zation  temperature  for  higher-boiling  fuels  —  Jet  and  diesel  fuels.  Un¬ 
like  the  aviation  gasolines,  the  crystallization  of  these  fuels  is  caus¬ 
ed  primarily  by  paraffinic  hydrocarbons.  This  can  be  explained  primar¬ 
ily  by  the  fact  that  beginning  with  180-210°,  with  the  exception  of 
certain  mono-  and  blcycllc  aromatic  hydrocarbons  of  symmetric  structure 
and,  as  a  rule,  not  detected  in  the  composition  of  petroleums,  the  high¬ 
est  melting  points  are  exhibited  by  normal  or  slightly  branched  paraf¬ 
finic  hydrocarbons  whose  content  in  fuels  derived  from  petroleums  of  a 
paraffinic  base  amount  to  50-60^. 

Moreover,  as  can  be  seen  from  Fig.  8l,  with  the  addition  of  paraf¬ 
finic  hydrocarbons  the  first  portions  (up  to  2^)  produce  the  sharpest 
increase  in  the  crystallization  temperature,  and  with  a  relatively 
small  content  of  paraffinic  hydrocarbons  in  the  fuel,  the  pour  point  of 
the  fuel  increases  markedly. 

A  pronounced  increase  in  the  solidification  temperature  of  the 
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fuel,  through  the  addition  of  in sign if leant  quantities  of  high-melting 
normal  paraffinic  hydrocarbons,  can  be  explained  by  their  limited  solu¬ 
bility  in  the  hydrocarbons  of  other  classes  at  low  temperatures.  V/ith 
an  increase  in  the  fuel  temperature,  the  solubility  of  the  paraffinic 
hydrocarbons  inorcaeefl  at  first  slowly  and  then  sharply  as  the  temper¬ 
ature  of  the  medium  approaches  the  melting  point.  The  solubility  of  the 
paraffinic  hydrocarbons  is  a  function  also  of  the  melting  point  of  the 
hydrocarbons  and  the  nature  of  the  solvent.  With  an  Increase  in  the 
melting  point,  the  solubility  of  the  paraffinic  hydrocarbons  in  the 
fuel  diminishes.  The  closer  in  structure  the  hydrocarbons  making  up  the 
fuel  to  the  paraffinic  hydrocarbons,  the  better  their  solubility  in  the 
fuel.  In  addition  to  the  purely  paraffinic  hydrocarbons,  the  crystalli¬ 
zation  of  higher-boiling  fractions  of  jet  and  particularly  of  diesel 
fuels  is  brought  about  also  by  monocyclic  naphthenic  and  aromatic  hy¬ 
drocarbons  that  have  long  side  chains  of  normal  structure. 

In  jet  and  diesel  fuels  derived  from  petroleums  having  a  naphthe- 
nic-aix)matic  base  b  icy  die  naphthenic  and  aromatic  hydrocarbons  are 
predominant.  It  is  for  this  reason  that  these  fuels  have,  as  a  rule, 
rather  low  solidification  temperatures  (about  -40°  and  lower). 

Consequently,  the  tendency  of  aviation  gasolines  to  crystallize  is 
not  a  f»Jinctlon  of  their  chemical  nature  and  is  governed  only  by  the  pre¬ 
sence  of  cei'tain  aromatic  hydrocarbons  in  the  gasolines,  primarily  by 
the  presence  of  benzene,  and  with  a  limited  benzene  content  no  crystal¬ 
lization  of  aviation  gasolines  can  be  detected  during  their  utilisation. 
The  same  can  be  said  of  automotive  gasolines. 

Fc  jet  and  diesel  fuels  the  tendency  to  crystallization  is  deter¬ 
mined  primarily  by  their  chemical  composition. 

In  the  cooling  of  the  fuel  (to  temperatures  corresponding  to  the 
total  solution  of  the  paraffinic  hydrocarbons  contained  within  the 


composition  of  the  fuel)  the  highest-melting  paraffins  begin  to  settle 

out  and  the  fuel  becomes  turbid.  This  temperature  has  been  designated  as 

the  temperature  for  the  Initiation  of  fuel  crystallization  or,  as  was  the 
* 

practice  earlier,  the  cloud  point. 

Normal  paraffinic  hydrocarbons  both  In  the  pure  state  as  well  as 
in  the  dissolved  state  in  the  fuel  are  capable  of  supercooling  in  the 
absence  of  crystallization  centers  or  seeds.  As  a  result,  they  settle  out 
from  the  fuel  and  crystallize  at  a  lower  temperature  than  their  solubi¬ 
lity  temperature  for  the  given  concentration  In  the  fuel.  The  supercool¬ 
ing  ratio  is  a  function  of  the  nature  of  the  fuel  and  amounts,  for  ex¬ 
ample,  for  a  10^  solution  of  cetane  to  8-21®  [3].  In  commercial  fuel  sam¬ 
ples,  pronounced  supercooling  is  not  observed.  This  caii  be  explained  by 
the  fact  that  the  tiniest  of  mechanical -admixture  particles  are  always 
present  in  fuels  and  as  a  result  it  becomes  possible  to  produce  air  bub¬ 
bles  which  serve  as  crystallization  centers. 

The  shape  and  dimensions  of  the  paraffinic  crystals  which  settle 
out  from  the  fuel  a.ve  functions  of  the  nature  of  the  fuel,  the  concentra¬ 
tion  of  the  paraffinic  hydrocarbons,  the  cooling  rate,  and  the  presence 
of  surface -active  agents  in  the  fuel.  It  should  be  pointed  out  that  there 
is  no  common  opinion  with  respect  to  the  shape  of  the  paraffinic  crystals. 
Some  researchers  note  that  with  the  cooling  of  particularly  concentrated 
solutions  of  paraffinic  hydrocarbons  aclcular  crystals  are  formed,  and 
the  rxii*Uii‘l.aio  hyUxx)carbons  crystallize  In  the  foim  of  plates  out  of  weak 
and  medium-concentration  solutions  [4,  5l.  Other  researchers  maintain 
that  the  crystal  shape  is  a  function  of  the  structure  of  the  paraffinic 
hydrocarbons  normal  paraffinio  hydrecarbons  crystallize  into  a  plate - 
like  shape,  whereas  the  isoparaffins  ci^ystalllze  Into  an  aclcular  shape 
[6-0]. 

A.S.  Irisov  and  V.N.  Lapikura  [3]  showed  by  means  of  mlcrophoto- 
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graphy  (including  motion  pictures)  of  the  crystallization  process  in 
cetane  that  the  shape  of  the  cetane  crystals  is  determined  by  the  nature 
of  the  solvent.  Plate -like  crystals  are  separated  out  of  solvents  that 
are  paraffinic  in  nature.  Piber-like  crystals  are  precipitated  from  naph¬ 
thenic  solvents.  In  individual  cases,  during  crystallization  from  a  super 
cooled  solution  and  in  the  absence  of  seeds,  the  formation  of  spherulites 
was  observed. 

Grain-like  (globular)  shaped  crystals  arc  prccipilated  from  solu¬ 
tions  of  bicyclic  aromatic  hydrocarbons  with  short  side  chains.  Mixed 
crystals  -  plates  and  grains  -  are  first  formed  out  of  solutions  of  mono- 
cyclic  aromatic  hydrocarbons  having  long  side  chains;  subsequently,  the 
grain -shaped  crystals  proved  to  be  less  stable,  whereas  the  plate  crys¬ 
tals  grow  together  to  form  a  strong  grid. 

Some  investigators  have  pointed  out  that  neither  the  solvent  nor 
the  quantity  in  which  it  is  employed  have  any  effect  on  the  shape  of  the 
crystals  [9*  10 !• 

The  nature  of  the  medium  has  an  effect  on  the  dimensions  of  the 
crystals  as  well  as  on  the  rate  of  their  growth.  D.L.  Gol'dshteyn,  Z.V. 
Veksler,  and  G.Ye.  Zhuravlev  [11]  demonstrated  that  paraffin  crystals 
separated  from  a  fuel  are  substantially  larger  than  the  same  crystals 
within  the  fuel;  the  lei\gth  of  the  paraffin  crystals  in  synthol  is  3-4  y., 
and  in  a  fuel  derived  from  Suraldiany  petroleum  this  crystal  is  9-12  \i 
long;  in  a  fuel  derived  from  Grosnyy  paraffinic  petroleum  the  crystal  Is 
20-30  u  long.  With  a  reduction  in  the  concentration  of  high-melting  hy¬ 
drocarbon  in  the  fuel,  the  dimensions  of  the  crystals  Increase.  For  a 
10^5  solution  of  cetane,  the  dimensions  of  the  crystals  attain  10  n;  for 
a  5^  solution,  30  uJ  a  20  solution,  35  u  and  more  [33*  The  cry¬ 

stallization  of  paraffin  from  high -solidification  diesel  fuels  begins  at 
many  centers  with  the  foj’matlon  of  acicuiar  crystals  having  an  average 
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dimension  of  about  5  ii  and  these  grow  comparatively  fast,  forming  a  char¬ 
acteristic  grid  with  needles  10-16  m-  long.  The  crystallization  of  the 
paraffins  In  low-solldiflcatlon  fuels  is  different  in  character  -  the  ' 
crystals  are  formed  from  a  few  centers,  they  grow  substantially  more 
slowly,  attaining  lengths  of  16-25  a,  and  they  yield  a  grid  that  is  not 
quite  as  dense.  Moreover,  the  precipitation  of  paraffin  crystals  begins 
at  a  temperature  that  is  some  5-10^  higher  than  the  solidification  tem¬ 
perature  of  the  fuel  [3]. 

When  surface-active  agents  are  present  during  the  crystallization 
of  fuels,  small  paraffin  crystals  are  formed.  If  the  fuel  containing  the 
paraffin  crystals  is  kept  at  a  constant  temperature  the  crystals  are  re¬ 
inforced  as  a  result  of  which  the  number  of  larger  crystals  increases  and 
the  dispersion  of  the  system  is  reduced. 

When  a  fuel  is  cooled  to  a  temperature  tliat  corresponds  to  the  be¬ 
ginning  of  the  crystallization  of  the  paraffins  contained  within  the  fuel, 
only  an  insignificant  portion  of  the  paraffinic  hydrocarbons  dissolved 
within  the  fuel  are  separated  from  it.  With  subsequent  reduction  in  tem¬ 
perature,  the  quantity  of  precipitated  paraffin  crystals  from  the  fuel 
increases.  The  precipitated  crystals  grow  together,  forming  reticular  and 
cellular  structures  which  include  the  uncrystallized  component  parts  of 
the  fuel  within  the  cells.  As  a  result,  the  fuel  loses  mobility  and  so¬ 
lidifies. 

The  difference  between  the  temperatures  of  the  beglnnlr^  of  cry¬ 
stallization  and  the  temperatures  of  a  fuel  solidification  is  not  con¬ 
stant  and  is  a  function  of  the  quantity  of  paraffinic  hydrocarbons  con¬ 
tained  wiuiln  the  fuel,  as  well  as  being  a  function  of  the  melting  point 
of  these  paraffinic  hydi^carbons ,  the  presence  of  surface  *^ctlve  agents 
Irs  the  iliel,  and  also  to  sckse  extent  a  function  of  the  fuel  viscosity. 

As  caji  be  seen  from  the  data  presented  in  Table  45,  the  greatest  differ- 
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ence,  as  high  as  28-35^^,  is  exhibited  by  diesel  fuels  derived  from  pet¬ 
roleums  of  a  naphthenic  or  naphthenic -aromatic  base  (Koschagll', 
Neftedag),  containing  small  quantities  of  paraffinic  hydrocarbons. 

TABLE  45 

The  Temperature  of  the  Beginning  of  Crystallization 
and  the  Solidification  Temperature  for  Various  Die¬ 
sel  Fuels 

(D.L.  Gol'dshteyn,  Z.V.  Veksler) 


1  ToBanBo 


•2 - 

Teuneparypa,  *0 

6 - 5 - 

ua<iaaa 

xpnctaa- 

aaaauns 


5  ilnaMiinoo  Tonanao  ita  KOOTaniacxofi  ne^ta  .  —26 

O  Au^eabuoe  Tonaiino  na  nc^TcaarcKofi  bo^tb .  —14 

7  Kcpocnu  na  cypaxancKofi  bo^tb  . .  —39 

O  Anac.'iiiuoo  tob.iudo  tta  cypaxancKOfi  ne^TS  . .  4>  4 

§  Kcpocnu  ua  uuinu6aiiCKofi  nc^TB  .  .  .  .  —10 

Anac.tbttoc  Tonnnno  na  nBniMGaUcKofi  bc^to  .  0 

11  Kcpocnu  na  rpoaucucnofi  nc^rn  .  —17 

12  ihiaeabuoe  Tonanao  ua  rpoaucucxoi  nc^tit .  —  2 


1)  Fuel;  2)  temperature,  ^C;  3)  beginning  of  crystal* 
lization;  4)  solidification;  5)  diesel  fuel  from 
Koschagll*  petroleum;  6)  diesel  fuel  from  Neftedag 
petroleum;  7)  kerosene  from  Surakhany  petroleum;  8) 
diesel  fuel  from  Surakhany  oetroleura;  9)  kerosene 
from  Ishlmbay  petroleum;  10)  diesel  fuel  from 
Ishlmbay  petroleum;  11)  kerosene  from  Groznyy  pet¬ 
roleum;  12}  diesel  fuel  from  Gi^znyy  petroleum. 


With  an  Increase  in  the  content  of  paraffinic  hydrocarbons  within 
the  fuel,  there  is  a  drop  in  the  difference  between  the  temperature 
marking  the  beginning  of  crystallization  and  the  temperature  of  solidi¬ 
fication.  For  Surakliany  kerosene  containing  35^5  paraffinic  hydrocarbons 
this  difference  amounts  to  IT®,  whex'eas  for  Groznyy  kerosene  in  which 
the  content  of  paraffinic  hydrocarbons  reaches  as  high  as  oOjg,  the  dif¬ 
ference  amounts  only  to  3®.  There  is  a  substantial  reduction  in  the 
discontinuity  between  the  temperature  marking  the  beginning  of  crystal¬ 
lization  and  the  solidification  temperature  as  the  meltijig  point  of  the 


paraffinic  Jxydrocarbons  in  the  fuel  rises.  Therefore,  despite  the  fact 
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that  diesel  fuels  derived  from  Surakhany, 


Fig.  82.  Influence  of 
low-solldlflcatlon  com¬ 
ponent  on  cloud  point 
and  temperature  of  so¬ 
lidification  of  a  hlgh- 
solldlflcatlon  compon¬ 
ent.  1)  Solidification 
temperature  of  a  mix¬ 
ture  of  Groznyy  solar 
distillate  +  Blnagadl 
gas  oil;  2)  the  same 
for  a  mixture  of 
Groznyy  gas  oil  + 
Balakhany  gas  oil;  3) 
for  a  mixture  of 
Surakhany  gas  oil  + 
Blbieybat  kerosene;  4) 
the  cloud  point  for  a 
mixture  of  Surakhany 
gas  oil  and  Blnagadl 
kerosene;  A)  Terapera- 
tuiK!,  ®C;  b)  low-solld¬ 
lflcatlon  component, 


Ishlmbay,  and  Groznyy  petroleums  contain 
fewer  paraffinic  hydrocarbons  than  kerosenes  ;• 
derived  from  the  same  petroleums  because  of 
the  higher  melting  point  of  the  paraffinic 
hydrocarbons  contained  In  diesel  fuels,  the 
discontinuity  (difference)  betweeen  the  tem¬ 
perature  marking  the  beginning  of  crystal¬ 
lization  and  the  solidification  temperature 
for  diesel  fuels  Is  less  than  In  the  case 
of  kerosenes. 

Surface -active  agents.  Increasing  the 
degree  of  dispersion  In  the  system.  In¬ 
crease  the  discontinuity  (difference)  between 
the  temperature  marking  the  beginning  of 
crystallisation  and  the  solidification  tem¬ 
perature  of  the  fuel.  If  the  paraffins  are 
precipitated  In  an  extremely  viscous  medium, 
the  difference  between  the  temperatux^  of 
the  beginning  of  crystallization  and  the 
solidification  temperature  Is  not  very  great. 


Low -temperature  properties  of  fuels  containing  high-melting  hydro¬ 


carbons,  primarily  paraffins,  can  be  Improved  either  by  the  removal  of 
these  hydrocarbons  by  some  method  (deparafflnlsatlon)  or  by  the  conver¬ 
sion  of  these  hydx*ocarbons  into  hydrocarbons  of  other  classes  (theimal 
or  catalytic  refining),  or  by  the  mixing  of  ouch  fuels  with  low«^olidl- 
flcation  fuels;  another  possibility  is  the  addition  of  appropriate  ad¬ 
ditives  to  those  fuels  —  depressors  (see  Chapter  14). 

Beparaffinization  and  thermal  or  catalytic  refining  of  fuels  makes 
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it  possible  substantially  to  reduce  the  temperature  marking  the  begin¬ 
ning  of  crystallization  or  solidification.  However,  in  addition  the 
cetane  numbers  of  the  fuel  are  reduced,  as  is  the  yield  of  the  final 
product.  Moreover,  the  execution  of  these  processes  from  a  production 
standpoint  is  ouinborsome.  Therefore  the  above -enumerated  methods  have 
to  the  present  time  not  gained  widespread  acceptance.  The  removal  of 
the  paraffins  by  mesins  of  urea  should  be  regarded  as  promising. 

As  can  be  seen  from  Pig.  82  there  is  no  additive  change  in  the 
temperatures  marking  the  beginning  of  crystallization  and  solidifica¬ 
tion  when  hlgh-solldification  fuels  ai^  mixed  with  low-solidification 
fuels,  but  rather  there  is  observed  a  shift  in  these  temperatures  in 
the  direction  of  the  high-solldlflcatlon  component.  Therefore  in  order 
to  achieve  a  sufficiently  pronounced  reduction  in  the  temperatures  of 
the  beginning  of  crystallization  and  fuel  solidification  it  is  neces¬ 
sary  to  add  a  somewhat  larger  quantity  of  low -solidification  fuel  (up 
to  70-S0^  and  more)  which  from  a  practical  standpoint  makes  no  sense 
at  all. 

THE  NATURE  OF  THE  CliANGE  IN  FUEL  VISCOSITY  WITH  A  REDUCTION  IN  FUEL 
TEMPE^TURES 

Fuel  viscosity  is  an  extromely  important  operational  characteris¬ 
tic  of  quality  and  Uiis  applies  primarily  to  diesel  fuels  as  well  as  to 
jet  fuels.  Viscosity  detei’minos  fluidity  and  ease  of  fuel  supply  to  the 
spray  nozzles.  In  combination  with  the  density  and  surface  tension  of 
the  fuel,  viscosity  )uis  a  substantial  effect  on  Uk?  deg&'oe  of  fuel  atom 
laatlon  and  the  s'ange  of  the  stream.  Given  low  fuel  viscosity,  atomiza¬ 
tion  is  better  but  the  range  of  the  sts*eaa  is  diisinlshed.  With  reduced 
viscosity  there  is  ai^  increase  in  the  amount  of  fuel  that  is  drawn  in 
through  leaks  in  the  pump.  As  the  fuel  viscosity  increases,  the  depth 
(range)  to  which  the  sti’eaa  can  penetrate  increases.  But  beyond  a  cer- 


tain  viscosity  limit,  the  degree  of  atomization  is  markedly  reduced  and 
the  drop  dimensions  Increase,  as  a  result  of  which  the  vaporization 
conditions  are  impaired  and  complete  combustion  of  the  fuel  is  not  at¬ 
tained;  in  addition,  the  fuel  flow  rate  and  the  amount  of  exhaust  smoke 
are  increased.  The  effect  that  the  viscosity  of  a  diesel  fuel  [12]  ex¬ 
erts  on  the  functioning  of  an  engine  is  presented  below. 
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An  extremely  viscous  IXiel  offers  great  resistance  in  its  passage 
through  the  fuel -feed  system,  and  this  results  in  the  detachment  of  the 
fuel  stream  which,  in  turn,  produces  disruptions  in  the  fuel  feed  to 
the  pump.  The  maximum  viscosity  of  a  fuel  at  which  the  fuel  supply  ceas 
es  to  provide  for  nominal  (rated)  engine  power  is  referred  to  as  limit 
[maximum]  viscosity. 

Depending  on  the  design  of  the  fuel -feed  system  of  the  engine,  the 
value  Of  the  limit  viscosity  may  ctuinge  wtUsln  a  wide  range.  For  exam¬ 
ple,  for  three  various  fuel -feed  ali*craft  systems,  the  limit  fuel  vis¬ 
cosities  amounted  to  85,  160,  and  210  centistokes,  respectively,  where¬ 
as  for  the  fuel-feed  system  of  the  C-65  tmetor  the  naxiiauffl  fuel  viscos¬ 
ity  amounted  to  2’B^O  centistokes  [11]. 


If  the  fuel  is  supplied  under  excess  pressure,  even  If  the  latter 
Is  not  tot  great,  the  limit  viscosity  of  the  fuel  Increases  markedly. 
Therefore,  the  most  vulnerable  point  In  the  fuel-feed  system,  lioitins 
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Pig.  83.  Viscosity -tempera tu2?e 
properties  of  various  fuels. 

1)  n-Heptanej  2)  aviation  gas¬ 
oline;  3)  ligroinj  4^  paraf¬ 
fin-base  kerosene;  5;  naphthe¬ 
nic  -aromatic  -base  kerosene;  6) 
catalytic  gas  oil;  7)  winter 
diesel  fuel;  8)  summer  diesel 
fuel;  a)  Viscosity,  centistokes; 
B)  temperature,  ^C. 


the  fuel  supply,  is  that  section 
from  the  tank  to  the  pump  in  which 
the  fuel  is  generally  carried  by 
gravity  or  \mder  the  action  of  a  ;■ 
pump. 

The  normal  atomization  of  a 

it*< 

fuel  in  a  jet  engine  is  generally 
carried  out  when  the  viscosity  of 
the  fuel  at  -50^  does  not  exceed 
25  centistokes  [I6].  In  diesel  en¬ 
gines,  at  higher  atomization  pres¬ 
sures,  the  normal  atomization  of  , 
the  fuel  is  achieved  at  a  viscosity  ■■ 
value  in  excess  of  IOO-150  centi¬ 
stokes  at  —40°. 

The  viscosity  of  the  fuels 
used  in  carburetor  engines  has  an  •' 
effect  on  the  quantity  of  fuel  that;! 
passes  through  the  nozzle.  With  a 


drop  in  viscosity  the  volume  of  fuel  passing  through  the  nozzle  in¬ 


creases. 


Figure  83  shows  the  viscosity-temperature  curves  for  fuels  used  in 
various  types  of  engines.  As  can  be  seen  from  the  curves,  the  fuels 


differ  substantially  between  one  another  both  in  terms  of  absolute  vis¬ 


cosity  as  well  as  in  terms  of  the  nature  of  the  change  that  the  fuels 
undergo  with  a  drop  in  temperature.  In  addition  to  the  fractional  com¬ 
position,  the  chemical  composition  of  the  fuel  also  affects  the  nature 
(shape)  of  the  viscosity -temperature  curve;  the  heavier  the  fractional 
composition  of  the  fuel,  the  more  pronounced  the  effect  of  the  chemical 
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composition  of  the  fuel. 

For  example,  for  aviation  and  automotive  gasolines  below  -60®  the 
chemical  composition  has  virtually  no  effect  on  the  nature  (shape)  of 
the  viscosity -temperature  curve.  For  jet  fuels  of  the  kerosene  type  the 
effect  of  the  chemical  composition  becomes  noticeable,  and  in  the  case 
of  diesel  fuels  the  chemical  composition  determines  the  nature  (shape) 
of  the  viscosity -temperature  curve.  The  smoothest  (flattest)  viscosity 
curve  is  exhibited  by  paraffinic  hydrocarbons,  and  the  steepest  uurve 
is  exhibited  by  aromatic  hydrocarbons,  particularly  by  bicycllc  hydro¬ 
carbons  . 

It  is  natural  that  the  utilization,  at  low  temperatures,  of  fuels 
whose  viscosity  undergoes  marked  change  with  a  drop  in  temperature  in¬ 
volves  considerable  difficulties  and  not  every  fuel  which  exhibits  good 
viscosity  at  positive  temperatures  will  provide  for  engine  operation  at 
low  temperatures.  For  example,  a  naphthenic -aromatic  type  of  fuel  can¬ 
not  function  in  any  one  of  the  above-mentioned  three  systems  reliably 
at  temperatures  below  40-45°, 

For  diesel  fuels,  and  to  a  lesser  extent  for  Jet  fuels,  imder  cer¬ 
tain  conditions  the  appearance  of  a  pronounced  viscosity  anomaly  Is 
characteristic,  l.e.,  the  so-called  structural  viscosity  -  the  fuel  is 
converted  to  the  colloidal  state,  acquli'es  plasticity,  and  a  static 
limit  shear  stress  appears  within  the  fuel.  As  can  be  seen  from  Pig. 

84,  at  -10°  neither  of  the  two  fuels  exhibits  plasticity  and  flow  can 
take  place,  given  a  small  pressure  head.  At  -30°  plasticity  appears  in 
both  of  the  .fuels,  and  they  acquire  fluidity  (flow  sets  in)  with  a 
pressure  head  of  -  0.1  g/cro^.  At  -50°  Tael  No.  2  becomes  fluid  only 
with  a  pressure  head  of  0.42,  and  fuel  No.  1  requires  a  pressure  head 
of  0.68  s/cra^. 

The  supply  of  the  fuel  which  exhibits  this  anomalous  viscosity 


from  a  tank  to  the  pxmip  is  made 
difficult  and  cut  short  as  a  re- 


Is  7V  y  y  y suit  of  which  the  power  of  the  en- 
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Pig.  84,  Hydrodynamic  flow  rate 
of  diesel  fuel  as  a  function  of 
pressure  head  at  low  tempera¬ 
tures  [14],  1)  Fuel  No.  Ij  2) 
fuel  No.  2;  a)  Hydrodynsimic  flow 

rate  Q*10^  cmVsecj  B)  pressure 

head,  A  p,  g/cm  . 


gine  diminishes. 

The  fuel-viscosity  anomaly, 
l.e. ,  the  appearance  of  structures 
within  the  fuels,  can  be  explained 
by  the  crystallization  of  paraffin 
and  the  consolidation  of  the  paraf¬ 
fin  into  a  structural  grid.  The 
temperature  at  which  this  structure 


is  formed  is  a  function  of  the  concentration  of  paraffinic  hydrocarbons 
in  the  fuel  as  well  as  a  function  of  the  melting  point  of  these  paraf¬ 
finic  hydrocarbons.  With  a  Irrge  content  of  paraffinic  hydrocarbons, 
particularly  of  high-melting  hydrocarbons,  the  formation  of  a  structure 
is  observed  within  1-2®  prior  to  the  precipitation  of  the  crystal  phase. 
Most  frequently  the  structure  is  formed  at  a  temperature  that  is  sever¬ 
al  degrees  higher  thaii  the  temperature  of  fuel  consolidation. 

The  structure  formed  in  a  high -paraffinic  fuel  is  rather  easily 
destroyed  because  of  the  insignificant  viscosity  of  the  dispersion 
phase.  Therefore  the  maximum  pun^Miblllty  temperature  of  such  fuels,  as 
a  rule,  is  substantially  lower  than  the  consolidation  temperature 
(Table  46). 

In  kerosenes  used  as  fuels  for  jet  engines  this  structure  is  more 
easily  destroy?’'^  than  in  diesel  fuels.  For  example,  according  to  the 
data  of  Strauson  [13]  by  slightly  rocking  the  tank  at  a  frequency  equal 
to  6  cycles  per  minute  for  each  1/3°  of  cooling  (thus  simulating  the 
motion  of  a  fuel  under  the  altitude  changes  taking  place  in  the  fll^t 
of  an  aircraft)  made  it  possible  to  reduce  the  pumpablllty  temperature 


TABLE  46 

Puunpabillty  of  Diesel  Fuel  Having  a  Solidification 
Temperature  of  -30°  [14] 


1 

Vne.'io  oCopo* 

I1poit3BOffUT(Mtt>nocTi>  nacocB  (b  Kt/nae)  npn  TOMnoparype,  *C* 

TOB  lIQCOvB 

B  unuyry 

1 

+10 

-30 

-40 

-SO 

500 

540 

535 

258 

3200  . 

850 

830 

810 

300 

^6?op  In  pump  output  with  a  drop  In  temperature 
can  be  explained  by  the  Increase  In  fuel  viscosity. 

1)  Pump  romj  2)  pump  output  (In  kg/hr)  at  a  temper¬ 
ature  of  °C  *. 

t>y  3°  for  all  of  the  fuels  tested.  Light  rocking  when  applied  to  the 
operation  of  a  pump  of  half  the  capacity  serves  to  reduce  the  pumpa- 
blllty  temperature  of  the  fuels  by  8-11®. 

Depressor-type  additives  (see  Chapter  l4),  restricting  the  forma¬ 
tion  of  structures  within  the  fuel,  reduce  the  temperature  at  which  the 
fuel -viscosity  anomaly  appears  (Fig.  35)  simultaneously  with  the  drop 
In  their  solidification  temperature  and,  consequently,  the  mobility 
(fluidity)  of  the  fuels  is  Improved. 

THE  BEHAVIOR  OP  WATER  IN  FUEL  AND  THE  BEHAVIOR  OF  WATER  VAPORS  IN  THE 
INTAKE  SYSTEI4  OF  AN  ENGINE 

One  of  the  factors  responsible  for  the  precipitation  of  the  solid 
phase  from  fuels  Is  the  water  tliat  has  been  dissolved  in  the  fuel  or 
vdiich  has  condensed  from  the  air  at  the  surface  of  a  cold  fuel.  In  both 
cases,  the  foimatlon  of  the  solid  phase  —  crystals  of  Ice  -  takes  place 
directly  within  the  fuel.  Moreover,  crystals  of  ice  may  come  into  the 
fuel  from  the  outside  in  the  fons  of  rime  coming  off  the  walls  of  the 
tanks. 

Tho  crystals  of  Ice  in  the  fuel,  moving  together  with  the  fuel 
through  the  fuel -feed  system  to  the  engine,  can  choke  the  filters,  and 
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this  can  result  in  the  disruption  of 


the  fuel  supply,  and  in  the  case  of 
a  great  quantity  of  ice  crystals  the 
fuel  supply  can  be  entirely  choked 
off.  Ice  crystals  are  particularly 
dangerous  in  aviation  fuels. 

Figure  86  illustrates  how  much 

the  water  dissolved  in  a  fuel  exerts 
an  Influence  on  the  constriction  of 
a  filter  with  ice  crystals.  The 


Fig.  85.  Effect  of  paraflow  on 
fuel  viscosity,  l)  Surakhany 
gas  oil;  la)  Surakhany  gas  oil 
+  0.55^  paraflow  j  2)  Emba  solar 
distillate  +  Groznyy  solar  dis¬ 
tillate  (2:1 )j  2a)  Emba  solar 
distillate  +  Groznyy  distillate 
(2:1)  +  0.5,^  paraflow;  2b)  Emba 
solar  distillate  +  Groznyy  so¬ 
lar  distillate  (2:1)  +  1.55^ 
paraflow;  A)  Viscosity,  centi- 
polses;  B)  temperature,  ®C. 


greater  the  quantity  of  water  dis¬ 
solved  in  the  fuel,  the  higher  the 
temperature  at  which  the  fuel  supply 
is  reduced  by  ZQffo  as  a  result  of  the 
choking  of  the  filter  with  ice  cry¬ 
stals. 

It  should  be  pointed  out  that 
given  the  same  initial  content  of 


water  dissolved  in  the  fuel,  depending  on  the  cooling  conditions,  the 
design  of  the  filter,  and  the  design  of  the  engine  's  fuel  system,  the 
temperature  at  which  the  filter  becomes  completely  choked  with  ice 


crystals  may  vary  within  a  very  wide  range.  Therefore  the  curve  in  Pig. 

6  characterizes  only  a  general  tendency,  and  this  curve  is  typical  only 
of  certain  specific  cases.  Under  other  conditions,  the  curve  may  lie 
substantJally  lower  or  higher  without  basically  changiiig  its  shape. 

The  shapes  and  dimensions  of  the  ice  crystals  in  the  fuel  are  func¬ 


tions  of  the  conditions  under  which  these  ice  crystals  are  formed  [18]. 


In  the  absence  of  any  mechanical  impurities  or  fine  fibers,  tiny  some¬ 
what  elongated  ice  crystals  having  dimensions  of  4-10  p,  are  formed 
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in  the  case  of  rapid  cooling,  and  these 
crystals  range  in  dimension  all  the  way  to 
15-40  p,  in  the  case  of  slow  cooling.  In 
the  presence  of  mechanical  impurities  long 
broken  crystals  (up  to  1-4  cm)  are  formed, 
or  a  cotton-like  fluffy  mass  is  produced, 
and  this  floats  in  the  fuel  [19]* 

The  small  ice  crystals  that  form  in 
the  fuel  are  reinforced  with  the  passage 
of  time,  sometimes  bringing  about  a  change 
in  the  shape  of  the  crystals.  After  pumping  or  mixing,  the  ice  crystals 
may  collect  In  the  form  of  snow. 

A  unique  "adsorption"  of  the  fuel  takes  place  on  the  surface  of 
the  ice  crystals,  and  as  a  result  the  liquid  that  is  formed  after  the 
melting  of  the  crystal  consists  of  two  approximately  equal -volume  lay¬ 
ers  of  water  and  fuel.  In  addition,  some  of  the  hydrocarbon  components 
of  the  fuel,  as  well  as  the  products  of  oxidation  and  polymerization 
under  certain  conditions  associate  with  the  water  drops  that  are  formed 
out  of  the  fuel  during  cooling.  At  low  temperatures  these  associated 
complexes  also  form  crystals  that  ai*s  collected  in  the  filter  [20],  As 
a  result  of  the  "adsorption"  of  the  fuel  on  the  surface  of  the  ice  cry¬ 
stals  and  the  formation  of  associated  complexes,  the  volume  of  the  cry¬ 
stal  mass  deposited  in  the  filters  increases  by  a  factor  of  approxi¬ 
mately  two. 

The  rime  deposited  on  the  aircraft  tank  walls  consists  of  ice  cry¬ 
stals  which  "adsorb"  fuel  vapors;  the  fuel  content  here  amounts  to 
6o-Bo;s5  tl9l. 

Solutllity  of  Autcr  in  Hydrocarbons  and  Fuels 
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Fig.  86.  Effect  of  dis¬ 
solved  water  on  temper¬ 
ature  at  which  fuel  sup¬ 
ply  is  reduced  by  20^. 
l)  Temperature,  ^C;  2) 
water, 


All  hydrocarbons  are  capable  of  dissolving  small  quantities  of 
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water.  The  solubility  of  water  de¬ 
pends  on  the  structure  of  the  hydro¬ 
carbon  and  on  the  temperature.  The 
greatest  quantity  of  water  Is  dis¬ 
solved  In  unsaturated  hydrocarbons. 
The  aromatic  hydrocarbons  are  close  . 
to  the  unsaturated  l^drocarbons  In 
terms  of  solubility.  The  least  amount 
of  water  Is  dissolved  in  the  paraf¬ 


finic  hydrocarbons.  With  an  Increase 

Pig.  37.  Effective  temperature 

on  the  solubility  of  water  In  in  molecular  weight,  the  solubility 
hydrocarbons.  1)  Benzene;  2) 

toluene;  3)  xylene;  4)  cyclo-  of  hydrocarbons  with  respect  to  water 
hexane;  5)  isooctane;  A)  solu¬ 
bility  of  water,  b)  temper-  diminishes,  auid  this  is  particularly 
ature,  ®C. 

true  in  the  case  of  aromatic  hydro¬ 
carbons.  With  an  increase  In  temperature,  water  solubility  in  hydro¬ 
carbon^  increases  (Pig.  87),  and  again  the  increase  Is  most  significant 
In  the  case  of  aromatic  hydrocarbons.  The  temperature  relationship  be¬ 
tween  water  solubility  in  hydrocarbons  can  be  expressed  by  the  follow¬ 
ing  empirical  equation;  log  c  =  a  -  b/t,  which  makes  it  possible  to 
present  this  relationship  in  the  form  of  a  straight  line. 

The  solubility  of  water  in  fuels  Is  determined  by  the  group  hydro¬ 
carbon  composition  of  the  fuels.  In  fuels  containing  aromatic  liydrocar- 
bons,  the  solubility  of  water  is  greater. 

Effect  of  Various  Factors  on  the  Actual  Quantity  of  Water  Dlsaolved 
in  hydrocarbons  and  in 

Solutions  of  water  in  hydrocarbons  and  fuel  are  extremely  dilute 
in  view  of  the  limited  solubility  of  water.  As  a  result  they  are  subject 
to  the  Henry  law  C  «  KP,  where  C  is  the  concentration  of  the  water  in 
the  hydrocarbon  or  fuel;  P  is  the  partial  pressure  of  the  water  vapors; 
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Pig.  88.  Effect  of  relative  air 
humidity  on  solubility  of  water 
and  fuel.  1)  Kerosene;  2)  tolu¬ 
ene;  a)  Water  in  kerosene, 

B)  relative  humidity  of  air, 

C)  water  in  toluene, 


K  is  the  proportionality  factor. 

It  has  been  demonstrated  [21]  that 


,nas 

V 

^nas 


K  =  /P  In  this  case 


0  =  Ws  PA  V  =  °  maks 

at  the  given  temperature  Is 

the  maximum  possible  concentration 
of  water  in  the  hydrocarbon  or  fuel; 
pnas  pressure  of  the  satur¬ 

ated  water  vapors;  it  is  the  rela¬ 
tive  humidity  of  the  air. 

Consequently,  the  concentration 
of  water  in  the  hydrocarbon  or  fuel. 


at  constant  temperature,  is  directly  proportional  to  the  relative  humi¬ 
dity  of  the  air.  The  validity  of  this  relationship  is  confirmed  experi¬ 


mentally  with  individual  hydrocarbons,  fuels  of  varying  hydrocarbon 
composition,  and  oils  [21].  Figure  88  Illustrates  the  above-mentioned 
relationship. 


Since  the  relative  humidity  of  the  air  is  not  constant,  neither  is 
the  content  (quantity)  of  water  dissolved  in  the  fuel  constant.  With  an 


Increase  in  the  relative  humidity  of  the  air,  the  fuel  becomes  saturat¬ 


ed  with  the  water  from  the  air  and  the  quantity  of  water  dissolved  In 
the  fuel  Increases.  With  a  reduction  in  the  relative  humidity  of  the 
air,  the  quantity  of  water  In  the  fuel  diminishes  -■  we  have  the  reverse 
transition  of  the  water  from  the  fuel  to  the  air. 

Consequently,  the  water  dissolved  Ln  the  fuel  is  In  a  state  of 
equilibrium  with  the  water  contained  in  the  air  [19-24]. 

The  cited  formula  is  completely  valid  even  in  those  cases  in  which 
the  temperature  of  the  fuel  is  higher  or  lower  than  the  temperature  of 
the  air,  and  this  is  generally  found  to  be  the  case  under  natural  con- 
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Pig.  89,  Water  content  In  fuel  as  a  func¬ 
tion  of  atmospheric  pressure,  l)  B-95/130; 
2)  TC-lj  3)  T-1;  a)  Water  content,  B) 
pressure,  mm  Hg;  c)  100^  humidity. 


dltlons  [25].  In  this  case  and  correspond  to  their  values 

at  the  temperature  of  the  fuel,  and  P  corresponds  to  its  value  at  the 
temperature  of  the  air.  Bu  using  this  formula  we  can  determine  in  ad¬ 
vance  the  direction  in  which  the  content  of  the  water  dissolved  in  the 
fuel  will  change  as  the  temperatures  of  the  fuel  and  air  (and  the  hu¬ 
midity  of  the  latter)  undergo  change,  and  it  will  also  be  possible  to 
determine  the  conditions  under  which  condensation  of  water  vapors  from 
the  air  in  the  fuel  can  occur.  Condensation  of  water  vapors  from  the 


air  in  the  fuel  takes  place  when  the  fuel  temperature  Is  below  the  tem 
perature  of  the  air,  and  when  the  relative  humidity  of  the  latter  (the 
air)  attains  a  magnitude  such  that  P  exceeds  P*^®,  i.e.,  the  relative 
humidity  of  the  air,  referred  to  the  temperature  of  the  fuel,  exceeds 
100^.  Generally  the  conditions  for  such  condensation  of  water  vapors 
prevail  with  a  pronounced  increase  in  heat  which  is  acctsnpanied  by  a 
significant  increase  in  the  absolute  humidity  of  the  air.  Given  the 


simultaneous  drop  in  the  temperature  of  the  fuel  and  air,  as  a  rule, 
the  content  (quantity)  of  water  dissolved  in  the  fuel  diminishes. 

The  content  (quantity)  of  water  dissolved  in  the  fuel  diminlshea 


also  as  the  atmospheric  pressure  above  the  fuel  Is  reduced  (this  occurs 
during  aircraft  takeoff).  This  relationship,  as  can  be  seen  from  Fig. 
89,  Is  Independent  of  the  relative  humidity  of  the  air  and  Is  rectili¬ 
near  In  character. 

Speed  of  Change  In  Water  Content  In  Hydrocarbons  and  Fuels 

The  speed  with  which  the  water  content  In  the  fuel  changes  Is  de¬ 
termined  by  the  rate  at  which  the  water  molecules  are  diffused  from  the 
fuel  Into  the  air  or  vice  versa,  by  the  rate  at  which  the  water  mole¬ 
cules  are  diffused  Into  the  fuel,  and  also  by  the  presence  In  the  lat¬ 
ter  of  convection  flows;  In  addition,  the  rate  of  change  In  water  con¬ 
tent  Is  determined  by  the  ratio  of  the  contact  surface  between  the  fuel 
and  air  to  the  volume  of  fuel  poured  Into  the  container  (tank). 

The  transition  of  the  water  molecules  from  the  fuel  Into  the  air 
or  vice  versa  takes  place,  as  can  be  seen  from  the  data  presented  In 
Table  47,  virtually  Instantaneously.  Within  1/2 a  minute,  given  a  fuel 
layer  thickness  of  5  mm,  the  water  content  In  a  fuel  dried  In  advance, 
regardless  of  the  Initial  value  of  the  relative  humidity  of  the  air, 
attains  its  maximum  possible  value  for  the  given  humidity.  Water  leaves 
the  fuel  for  dry  air  Just  as  rapidly. 

The  diffusion  of  water  In  fuel  takes  place  at  a  slower  speed  than 
the  transition  of  the  water  from  the  fuel  to  the  air  or  vice  versa 
(Fig.  90).  The  rate  of  diffusion  is  determined  by  the  difference  in 
concentrations,  and  by  the  temperature  atid  viscosity  of  the  medium.  The 
greater  the  difference  In  the  concentrations  of  water  in  the  various 
fuel  layers,  the  higher  the  temperature  and  the  lower  the  viscosity  of 
the  fuel,  and  the  greater  the  diffusion  rate  for  the  water  in  the  fuel. 

With  a  drop  In  the  fuel  temperature,  the  viscosity  of  the  fuel  in¬ 
creases  and  this  applies  particularly  to  a  hlgh-boillng  fuel..  Moreover, 
with  a  drop  In  temperature  the  solubility  of  the  water  In  the  fuel 
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TABLE  47 

Rate  of  Transition  of  Water  from  Air  to  Fuel  and 
Back 

(thickness  of  fuel  layer,  5  nrni;  surface  of  con¬ 
tact  between  fuel  and  air,  21  cm2;  temperature, 
180) 
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l)  Time  of  saturation  and  transfer,  min;  2)  water 
content  (in  at  relative  humidity  of  air;  3) 
fuel;  4)  Initial  fuel. 


diminishes  and  as  a  result  there  is  a  reduction  in  the  maximum  possible 
water-concentration  difference  in  the  various  fuel  layers.  As  a  result  . 
the  rate  of  water  diffusion  in  the  fuel,  particularly  in  a  high -boiling 
fuel,  drops  markedly.  There  is  an  Increase  in  the  speed  with  which  the 
water  content  in  the  fuel  changes  as  the  ratio  of  the  contact  surface 
between  the  fuel  and  air  to  the  fuel  volume  poured  into  the  tank  in- 
cr-eases.  Therefore,  iji  horizontal  containers  (  tanks)  and  particularly 
in  the  case  of  incomplete  filling  of  the  container,  the  state  of  equlli 
brlum  between  the  water  and  the  air  is  restored  throughout  the  entire 
fuel  volume  more  rapidly  than  in  the  case  of  vertical  containers. 

The  convection  flows  that  take  place  in  the  fuel  as  it  is  cooled 
or  heated  accelerate  the  shifting  of  the  water  in  the  fuel. 

Conditions  under  which  the  Water  Is  Seoarated  from  the  Fuel  in  which 


Issolved  as  well  as  the  Conditions  for  the  Porraatlon  of  Ice 


rvsta 


water  In  the  fuel  for  a  given  tem¬ 
perature,  microdrops  of  water  are 
separated  from  the  fuel  and  the 
fuel  becomes  cloudy.  This  can  take 
place  both  during  the  heating  of  the 
air,  as  well  as  in  the  case  of  air 
cooling.  In  the  first  case,  the  sep¬ 
aration  of  these  microdrops  of  water 
is  observed  when  as  a  result  of  the 
rapid  heating  of  the  air  the  partial 
pressure  of  the  water  vapors  in  the 
air  exceeds  the  pressure  of  the  sat¬ 
urated  water  vapors  at  the  temperature  of  the  fuel  (see  page  312).  If 
the  container  (tank)  has  not  been  completely  filled  with  fuel,  a  rela¬ 
tively  large  quantity  of  water  may  be  transferred  to  the  fuel.  In  the 
case  of  cooling,  conditions  come  about  under  which  it  is  possible  for 
the  water  to  transfer  from  the  fuel  to  the  air.  However,  all  of  the  ex¬ 
cess  water  dissolved  in  the  fuel  does  not  always  manage  to  make  this 
transition  to  the  air.  If  the  cooling  was  rapid,  and  the  conditions 
here  were  such  tiiat  the  quantity  of  the  water  dissolved  in  the  fuel 
does  not  change  too  fast,  a  substantial  portion  of  this  water  will  not 
make  this  transition  from  the  fuel  to  the  air.*  Since  the  solubility  of 
the  water  in  the  fuel  diminishes  with  a  drop  in  the  temperature  of  the 
fuel,  the  quantity  (content)  of  water  in  the  fuel,  formerly  situated  in 
the  lower  part  of  the  container,  will  exceed  its  solubility  and  the  ex¬ 
cess  air  will  be  separated  from  the  fuel  in  the  form  of  miorodrops. 

Mlcrodrops  of  water  may  also  be  separated  from  the  fuel  in  those 
cases  in  which,  at  constant  air  and  fuel  temperature,  the  relative  hu¬ 
midity  of  the  air  is  reduced.  The  state  of  equilibrium  for  the  water 
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Fig.  90.  Speed  of  water  satur¬ 
ation  of  a  dry  fuel  at  various 
layer  thicknesses.  1)  Thickness 
of  layer,  15  mm;  2)  thickness 
of  layer,  29  mm;  A)  Water  con¬ 
tent  in  fuel,  b)  saturation 
time,  rain. 


changes  In  a  direction  of  reducing  the  quantity  (content)  of  water  In 
the  fuel,  and  with  a  pronounced  drop  In  the  relative  humldTty  of  the 
air  the  excess  water  will  again  fall  to  make  the  transition  to  the  air 
and  will  be  separated  from  the  fuel  In  the  form  of  microdrops. 

If  the  separation  of  the  microdrops  of  water  from  the  fuel  takes 
place  In  any  one  of  the  above -enumerated  methods,  at  a  time  at  which 
the  fuel  Is  at  a  temperature  below  0®,  these  microdrops  will  form  ral- 
crocrystals  of  ice.  However,  the  separation  of  microdrops  of  water 
will  not  always  be  accompanied  by  the  formation  of  ralcrocrystals  of 
ice  in  the  case  of  negative  temperatures.  This  can  be  explained  by  the 
capacity  of  the  water  drops  to  become  supercooled  and  in  this  case  as 
the  dimensions  of  the  drops  diminish  the  degree  of  the  water-drops* 
supercooling  increases.  The  magnitude  of  the  drop  dimensions  is  deter¬ 
mined  by  the  rate  of  fuel  cooling:  the  faster  the  fuel  is  cooled,  the 
smaller  the  water  drops  and  the  greater  their  tendency  to  supercooling. 
The  supercooled  state  is  not  stable,  and  therefore  in  the  case  of  mix¬ 
ing  or  pumping  a  fuel  containing  supercooled  drops  of  water,  ice  cry¬ 
stals  are  formed  instantaneously.  Not  only  the  water  separated  fiKxn  the 
fuel  in  the  form  of  microdrops,  but  also  the  water  contained  in  the 
dissolved  state  in  the  fuel,  is  capable  of  supercooling*  For  example, 
N.A.  Ragosia  (19]  notes  that  with  the  gradual  cooling  of  fuels  contain- 
ii>g  a  large  quantity  of  arc^tic  ^drocarbons,  the  separation  of  the 
dissolved  water  from  the  fuel  is  delayed.  Subsequently,  with  pronounced 
cooling  of  such  supercooled  fuel  or  during  the  mixing  or  pumping  of 
such  a  fuel,  the  greater  part  of  the  water  dissolved  li;  the  fuel  is 
almost  simultaneously  separated  out  from  the  fuel,  and  this  results  in 
the  subsequent  formation  of  a  large  quai^tity  of  ice  crystals. 

The  presence  of  ice  crystals  isi  the  fuel  may  be  the  result  of  the 
fallij^g,  sliding,  or  washing  down  of  the  rlcse  from  the  walls  of  the 


containers  and  tanks  carrying  fuel  on  aircraft.  Consequently,  the  ice 
crystals  in  a  fuel  may  be  formed  both  during  a  drop  in  fuel  temperature 
as  well  as  in  the  case  of  ^rise  in  fuel  temperature,  and  in  individual 
cases  ice  may  also  be  formed  with  a  reduction  in  the  relative  humidity 
and  pressure  of  the  air  above  the  fuel. 

In  the  case  of  cooling,  ice  crystals  are  formed  from  the  water  dis¬ 
solved  in  the  fuel  primarily  with  pronounced  and  substantial  tempera-, 
ture  differences  taking  place  at  high  initial  and  final  relative  air 
humidities,  in  a  more  viscous  fuel  carried  in  horizontal  containers 
which  are  completely  filled,  or  in  vertical  containers  which  are  filled 
to  a  sufficient  height. 

With  slow  cooling  of  the  fuel,  even  In  the  case  of  high  fuel  vis¬ 
cosity  and  great  thickness  of  the  fuel  layer  in  the  container,  and  fur¬ 
ther  given  a  limited  surface  of  contact  between  the  fuel  and  air  (with 
complete  filling  of  horizontal  containers),  the  water  may  be  able  to 
achieve  the  ti'ansltion  to  the  air,  as  a  i^esult  of  which  the  solubility 
of  the  water  in  the  fuel  will  not  be  exceeded  and,  consequently,  no 
ice  crystals  will  form. 

With  a  sharp  and  substantial  rise  in  the  temperature  of  the  air, 
ice  crystals  can  form  in  the  fuel  from  the  rime  on  the  walls  of  the  con- 
tainers.  This  can  be  observed  primarily  when  the  containers  have  not 
completely  been  filled  with  fuel. 

Particularly  favorable  conditions  for  the  formation  of  ice  cri^stals 
prevail  when  the  fuel  Is  pumped  tvom  an  uhies'ground  container  into  a 
fuel  truck.  Fuel  Uiat  has  been  stored  in  underground  containers  exhi¬ 
bits  substantially  hi^r  temperature  than  the  atrrrounding  medium  dur- 
the  winter,  liiring  thG--pumplag-or  the  fueX  into  the  fuel  truck, 
there  is  a  sudden  drop  in  the  temperature  of  the  fuel,  the  solubility 
of  the  water  in  the  fuel  is  reduced,  and  the  excess  of  water  cannot 
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make  the  transition  to  the  air,  thus  being  separated  from  the  fuel  in  ^ 
the  f03mi  of  microdrops  which,  as  a  result  of  the  intensive  mixing  of 
the  fuel,  rapidly  form  ice  crystals. 

Method  of  Combating  the  Formation  of  Ice  Crystals  in  a  Fuel 

There  are  a  number  of  methods,  both  structural  and  physicochemical, 
to  prevent  the  formation  of  ice  crystals  in  a  fuel  or  to  eliminate  ice  O 
crystals  in  a  fuel.  Among  the  structural  methods  we  have  the  heating  of  b 
the  fuel  or  the  utilization  of  a  filter  and  the  injection  of  Isopropyl  V 
alcohol  on  the  filter  at  the  instant  that  the  latter  (the  filter)  be- 
comes  choked  with  ice  crystals  [26,  2?].  Although  both  of  these  methods  ^ 
make  it  possible  to  prevent  the  choking  of  the  filter  with  ice  crystals  ^ 
quite  effectively  (heating)  or  to  eliminate  the  formation  of  ice  cry- 
in  the  filter  (by  the  injection  of  alcohol),  it  is  nevertheless  neces-  ** 
sary  to  have  auxiliary  equipment  within  the  fuel  system  of  the  engine  ;! 

in  order  to  heat  the  fuel  or  to  provide  for  the  alcohol  Injection  and 
this  is  not  desirable  since  it  increases  the  weight  of  the  aircraft.  ' 
The  physicochemical  method  of  preventing  the  formation  of  ice  cry-  ;• 
stals  in  the  fuel  Involves  the  addition  of  an  additive  (see  Chapter  l4)  ' 

to  the  fuel.  This  additive  increases  the  solubility  of  the  water  in  ' 

thie  fuel  and  causes  the  dissolution  of  the  ice  crystals  which  enter  the  • 
fuel  from  the  outside,  e.g.,  in  the  form  of  rime  falling  down  from  the  ' 

i 

walls  of  the  container. 

Behavior  of  the  Water.  Dissolved  in  Air,  in  the  Intake  System  of  the 
tenglne 

The  basic  mass  of  the  liquid  fuel  in  carburetor  engines  is  vapori-  ; 
zed  within  the  carburetor  Itself.  As  a  result  of  the  Intense  vaporiza¬ 
tion  of  the  fuel,  the  temperature  of  the  combustible  mixture  is  reduced 
by  15-25*^.  Simultaneously,  there  is  a  reduction  in  the  temperature  of 
Individual  component  parts  of  the  carburetor,  in  particular  of  the 
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throttle  valve.  As  a  result,  the  water  dissolved  in  the  air  is  condens¬ 
ed  as  this  air  passes  into  the  carburetor,  and  at  —1®  and  lower  ice 
forms  on  the  walls  of  the  carburetor  and  primarily  on  the  throttle  (the 
entire  top  and  the  edges).  Under  particularly  unfavorable  conditions 
the  icing  of  the  throttle  attains  such  a  degree  that  it  freezes  com¬ 
pletely  and  the  engine  comes  to  a  stop.  For  more  details  about  this 
see  Chapter  17 . 

VAPORIZABILITY  OF  A  FUEL  AT  LOW  TEMPERATURES 

The  degree  of  fuel  vaporization  is  determined  by  the  pressure  of 
the  saturated  fuel  vapors.  The  higher  the  pressure  of  the  saturated 
fuel  vapors,  the  greater  the  degree  of  fuel  vaporization  and  the  easier 
it  is  to  start  a  cold  engine.  With  a  drop  in  temperature,  the  prepsui’e 


of  the  saturated  fuel  vapors  is  re¬ 
duced.  As  can  be  seen  from  Fig.  91 > 
the  pressure  of  saturated  vapors  of 
an  automotive  gasoline  drops  from 
400-500  mm  Hg  at  38°  to  30-40  mm  Hg 
at  0°  and  to  3-5  mm  Hg  at  ~30®.  The 
extent  to  which  this  has  an  effect 


Fig.  91*  Pressure  of  saturated  on  the  starting  of  a  cold  engine  is 
gasoline  vapors  as  a  function 

of  temperature,  l)  Automotive  demonstrated  by  the  data  of  L.A, 
gasoline  No.  1;  21  automotive 

gasoline  No,  2;  a)  Pressui’e  of  Dem’yanov,  presented  in  Fig.  92. 
saturated  vapor,  mm  Hgj  B) 

temperature,  *^C,  While  at -5^  an  engine  operating  on 

standard  automotive  gasoline  can  be  started  after  1-3  revolutions,  at 
-15®  no  less  than  15  revolutions  ai^e  required  in  order  to  start  a  cold 
engine.  Below  -15®  it  la  extremely  difficult  to  start  a  cold  engine  un¬ 
less  special  measures  are  implemented. 

If  the  temperature  of  the  surrounding  air  is  low,  even  after  the 
engine  has  been  started,  the  gasoline  will  not  always  vaporize  com- 
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Pig.  92.  Total  number 
of  engine  rpm  required 
to  start  the  engine  as 
a  function  of  the  tem¬ 
perature  and  speed  of 
crankshaft  rotation. 
l)  50  rpm;  2]  40  rpm; 
3j  30  rpm;  A)  Tempera¬ 
ture  of  engine,  °C;  B) 
total  number  of  revo¬ 
lutions  . 


pletely,  particularly  if  the  gasoline  is  one 
of  a  heavy-fraction  composition. 

The  unvaporized  portion  of  the  fuel 
which  enters  the  combustion  chamber  of  an 
operating  engine  does  not  remain  without 
change,  but  rather  it  oxidizes  and.  forms 
peroxides,  aldehydes,  acids,  and  other  oxy¬ 
gen-bearing  compovmds.  In  the  case  of  ex¬ 
tensive  engine  operation,  products  of  oxi¬ 
dation  collect  in  the  liquid  portion  of  the 
fuel  and  together  with  the  unvaporlzed  fuel 
enter  the  oil  (lubricant),  which  is  borne 
out  by  the  high  peroxide  number  of  the  oil. 


reaching  as  high  as  10  units  [33]»  The  quality  of  the  oil  is  markedly 


impaired  in  this  case. 


REFERENCES 


1.  Obolentsev,  R.D.  Plzichesklye  konstanty  uglevodorouov  Zhidkikh 
topliv.  Gostoptekhizdat  [Physical  Constants  of  Hydrocarbons  of 
Liquid  Fuels,  State  Publishing  House  for  Literature  on  the  Pet¬ 
roleum  and  Mineral -Fuel  Industry],  1953» 

2.  Petrov,  A.D.  Khlmiya  motornykh  topliv.  Izd-vo  AN  SSSR  [The  Chemis¬ 
try  of  Motor  Fuels.  Academy  of  Sciences  USSR  Press],  1953* 

3.  Irisov,  A.S. ,  Lapikura,  V.N.  Neft,  khoz.  [The  Petroleum  Industry], 
No.  4  and  No.  5,  1953. 

4.  Carpenter,  I. A.  J.  Inst.  Petrol.  Techn. ,  13,  288,  1926, 

5.  Katz,  E.J.  J.  Inst.  Petrol.  Techn.,  16,  86,  1930;  18,  99,  1932. 

6.  Gurvioh,  L.G.  Nauchnyye  osnovy  pererabotki  nefti.M. -I*.  [The 
Scientific  Fundamentals  of  Petroleum  Refining.  Moscow-Leniiig.t-d], 


1925. 


-  321  - 


7.  Padgett,  E.W.  The  Science  of  Petroleum,  III,  1941  (1938). 

8.  Ferris,  S.F. ,  Cowles,  H.C. ,  Henderson,  I.M.  Ind.  Eng.  Chem. , 

23,  6,  681,  1931. 

9.  Gol'denherg,  N.G.  Kolloldnyy  zhurnal  [Colloidal  Journal],  No. 

3,  1951. 

10.  Ferris,  S.V.  Ind.  Eng.  Chem.,  38,  11,  1945. 

11.  Gol'dshteyn,  D.L. ,  Veksler,  Z.V. ,  Zhuravlev,  G.Ye.  Nlzkotempera- 
turnyye  svoystva  nefceprodulctov.  Sb.  Gostoptekhlzdat  [Low- 
Temperature  Properties  of  Petroleum  Products..  Collection  of  the 
State  Publishing  House  of  the  Petroleum  and  Mineral -Fuels 
Industry],  1949#  pages  T6I-172. 

12.  Puchkov,  N.G.  Dlzel 'nyye  topllva  [Diesel  Fuels],  Gostoptekhlzdat, 

1953. 

13.  Doladugln,  A. I.,  Solodovnlk,  M.S.,  Englln,  B.A.  Neft.  khoz.  No.  4, 

1935. 

14.  Tolstov,  A. I.  Issledovanlye  tyazhelykh  neftyanykh  topllv  dlya 
avlatslonnykh  dvlgateley.  Fart  I.  Oboronglz  [Investigation  of 
Heavy  Petroleum  Fuels  for  Aviation  Engines.  Part  I.  State  Defense 
Industry  Press],  1939* 

15.  Strauson,  G.  Shell  Avlat.  News.,  Dec.  8-12,  1955. 

16.  Wachal,  A.  Technlka  lotnlcza,  [Aviation  Engineering],  2,  43,  1956. 

17.  Williams,  K.R.  J.  Inst.  Petrol.,  28l,  267,  1947. 

18.  Walkery,  I.E.  J.  Royal  Aer.  Soc.,  56,  501,  Sept.,  1952. 

19.  Rogozin,  N.A.  Reaktlvnyye  topllva.  Gostoptekhlzdat  [Jet  Fuels], 

1959. 

20.  Devis,  P.L.  IV  mazhdunarodnyy  neftyanoy  kongress  v  Rime  v  1955 
[The  IV  International  Petroleum  Congress  In  Rome  In  1955],  Vol. 
VII,  Gostoptekhlzdat,  1956,  pages  403-414. 

21.  Llpshteyn,  R.A. ,  Shtern,  Ye.N.  Khlmlya  1  teloinologlya  topllva  [Thc 

-  322  - 


•.V V.V  ...  .  i*.  i,.  ■  .1  ■  ■  ■  im  ifciiiafci 


Chemistry  and  Technology  of  Ptiels],  No.  11,  1956. 

22.  Greer,  E.I.  J.  Amer.  Chem.  Soo. ,  52,  11,  4191-4201,  1930. 

23.  Englin,  B.A. ,  Tugolukov,  B.M. ,  Sakodynskaya,  T.P.  Klilmlya  1 
tekhnologiya  topliva.  No.  11,  1956. 

24.  Cramtau,  A.B. ,  Finn,  R.F. ,  Kollenfach,  J.J.  Soc.  automob.  Engra 
Summer  Meeting,  June,  1953. 

25.  Englin,  B.A. ,  Tugolukov,  B.M.  Kiilraiya  1  tekhnologiya  topliva  1 
masel  [The  Chemistry  and  Technology  of  Fuels  and  Oils],  No.  3i 

i960. 

26.  Murray.  Oil  a.  Gas  J. ,  49,  57,  218,  271,  1951. 

27.  Davis,  C.D. ,  J.  Royal  Aer.  Soc.,  57,  515#  700,  1953* 

28.  •  Bass,  E.L. ,  Lubbock,  L. ,  Williams,  C.  The  Third  World  Petroleum 

Congress,  Proceedings,  VII,  1951. 

29.  Suini,  V.,  Plyemln,  K. ,  Mudl,  L.  Trudy  IV  mezhdunarodnogo  neft- 
yanogo  kongressa  v  Rime,  Vol.  VII.  Gostoptekhlzdat,  1957#  pages 

223-239. 

30.  Dugan,  W. ,  Toulmln,  H.  SAE  J. ,  63#  3#  39#  1955. 

31.  US  Pat.  2657984  from  3/71#  1953. 

32.  Al'dokhin,  N.I.  Neft.  khoz.  No.  8,  1948,  page  42. 

33.  Farby,  Creenshle.  Ind.  Eng.  Chem.,  5#  902-906,  1949. 

34.  Kendal,  Creasheld.  SAE  Quart.  Trans.,  2,  458-467,  1948. 

Manu¬ 
script  [Footnote] 

Page 

No. 


316 


At  high  relative  air  humidity. 


Chapter  12 

CORROSION  PROPERTIES  OP  FUELS 

The  hydrocarbons  that  compose  the  basic  part  of  petrolem-based 
and  synthetic  fuels,  as  well  as  fuels  produced  by  semicolclng  and  cok¬ 
ing  of  coals,  are  quite  inert  toward  all  metals  and  alloys  of  metals 
used  in  machine  building. 

The  naphthenic  acids  present  in  certain  petroleums  are  distributed 
among  the  distillates  on  distillation  of  the  petroleum  in  accordance 
with  their  boiling  points.  The  benzene  fractions  contain  virtually  no 
naphthenic  acids j  the  kerosene  fractions  sire  considerably  richer  in 
them,  and  the  quantity  of  these  acids  again  diminishes  toward  the  gas¬ 
oil  and  solar  (diesel)  fractions. 

The  admissible  quantity  of  naphthenic  acids  in  commercial  gaso¬ 
lines,  kerosenes  and  diesel  fuels  is  strictly  limited  by  the  corres¬ 
ponding  technical  specifications.  Consequently,  alkali  treatment  is 
applied  to  the  corresponding  distillates  to  remove  them. 

Commercial  fuels  contain  only  a  quite  negligible  quantity  of  naph¬ 
thenic  acids  that  represents  no  danger  as  regards  corrosion  of  ele¬ 
ments  of  the  engine's  fuel  system.  Certain  sulfur  compounds  present  in 
the  fuels  may  represent  a  real  danger  to  the  engine. 

At  the  present  time,  the  great  mass  of  the  petroleums  extracted 
In  the  Soviet  Union  are  sulfur-bearing  petroleums  and  fuels  (gasolines, 
kerosenes,  diesel  fuels  and  masouts)  with  an  elevated  sulfur  content 
are  used  in  industry,  agriculture  and  transportation  in  ever-lncreasir.'^ 
quantities,  so  that  the  problem  of  corrosive  aggressiveness  of  the 
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fuels  must  be  considered  in  connection  with  the  nature  and  quantity  of 
the  sulfur  compounds  present  in  the  fuel. 

Sulfur  compounds  should  be  evaluated  not  only  from  the  aspect  of 
their  corrosive  action  on  metals,  but  also  from  the  aspect  of  any  pos¬ 
sible  influence  that  they  might  exert  on  the  oxidation  proo^^ss  of  the 
fuels  and  the  actual  transformations  in  the  oxidation  process. 

In  speaking  of  the  possible  corrosive  action  of  fuels,  we  should 
distinguish  the  corrosive  activity  of  the  fuels  themselves  from  the 
corroding  effects  of  their  combustion  products  in  thermal  engines. 
These  are  two  perfectly  distinct  aspects  of  the  problem,  each  of  which 
must  be  considered  separately. 

,  CORROSIVE  PROPERTIES  OP  SULPUROUS  FUELS 

Sulfur-organic  compounds  present  in  a  fuel  may  be  regarded  as 
corrosively  aggressive  components  even  at  low  temperature,  although 
the  extent  of  the  aggressiveness  is  different  for  different  compounds. 
Elimination  of  the  most  aggressive  of  them  in  the  purification  process 
at  the  plant  makes  the  fuel  practically  safe  from  the  staucdpoint  of 
corrosion,  although  the  quantity  of  other  sulfur  compounds  left  in  it 
may  still  be  considerable. 

Corrosion  of  metals  by  sulfur  compounds  in  a  fuel  is  the  result 
of  direct  chemical  reaction  between  a  sulfur-organic  compound  and  the 
metal,  with  formation  of  the  corresponding  reaction  products.  Accord¬ 
ing  to  Ya.B.  Chertkov,  fuels  containing  in  one  case  0.005J6  of  elemen¬ 
tary  sulfur  and  0.045J55  of  a-phenylethyl  mercaptan  in  the  other,  formed, 
at  120°  in  contact  with  bronze,  residues  whose  compositions  (in  %)  are 
presented  in  Table  48,  i.e.,  copper  sulfide  formed  in  the  first  case 
and  copper  mercaptide  in  the  second  [1]. 

On  combining  copper  with  iron  in  hydrocarbon  solutions  of  sulfur 
and  Jiydi’ogen  sulfide,  L.G.  Gindin  and  T.A.  Miskinova  did  not  observe 
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TABLE  48 

-Compos it loh  of  Residue s 


iToDJinna 

2C0CTaB  OCOAKOB,  96 

C 

1  ” 

1 

0 

Ctt 

S 

3  Kepbenn  +  0,00596  aAouenTapnofi 
,,  „cepH . 

7,80 

0,81 

0,3 

78,0 

13,19 

4  To  we  +  0,04596  a-4oHna3ToaMep- 
xantaaa  . 

45,22 

4,98 

1.36 

36,3 

12,14 

1)  Fuel;  2)  composition  of  residues,  3) 
kerosene  +  0,005J^  of  elementary  sulfur;  4) 
same  +  0.045^  of  a-phenylethyl  mercaptan. 


any  signs  of  electrochemical  corrosion  [2].  However,  it  was  established 
in  experiments  conducted  by  the  author  and  L.A.  Aleksandrova  that  in 
the  case  of  contact  between  two  metals  (steel  and  copper,  aluminum  and 
brass)  in  a  diesel-fuel  medium  containing  from  0.l8  to  1.60j6  of  sulfur, 
clear  signs  of  corrosion  appeared  on  the  metals  after  3-4  days  in  the 
form  of  Isolated  dark  spots  and  local  color  changes.  When  each  of 
these  metals  was  placed  alone  in  the  same  fuels,  such  phenomena  were 
not  observed  even  after  prolonged  contact.  Consequently,  electrochem¬ 
ical  phenomena  are  also  observed  here,  although  they  are  probably  not 
of  very  great  importance. 

I 

It  is  Interesting  to  note  one  of  the  first  observations  to  appear 
in  the  llteratxire  concerning  the  destructive  action  of  sulfur  com¬ 
pounds  in  the  fuel  on  an  engine's  fuel  system,  A  steel  fuel  line  to  a 
tractor  engine  that  had  been  broken  as  a  result  of  purely  mechanical 
damage  was  replaced  by  a  red  copper  tube.  After  2  weeks,  the  copper 
tube  had  been  destroyed  by  corrosion.  Analysis  of  the  tube  material 
showed  contents  of  72.3$^  Ou,  5.C^  C  and  20.9$$  S.  During  13  days'  opera¬ 
tion,  465  ics  0^“  kerosene  containing  0.104$$  sulfur,  l.e.,  484  g,  had 
flowed  through  this  tube. 


More  or  less  profound  breakdo;vn  of  the  metal  and  formation  of 


various  types  of  deposits  that  are  insoluble  .in  the  fuel  may  take  place 
during  the  process  of  metal  corrosion  by  sulfur -organic  compounds  in 
the  fuel.  Deposit  formation  Is,  of  course,  of  greater  importance  than 
changes  In  the  metal  as  regards  ensuring  reliable  functioning  of  the 
fuel  system.  Moreover,  corrosion  can  only  formally  be  regarded  in  iso¬ 
lation  from  fuel-oxldatlon  processes,  which  are  accelerated  by  the 
metals  and  even  more  so  by  the  products  of  corrosion.  Under  real  con¬ 
ditions,  all  of  these  processes  are  intimately  interwoven  and  influence 
each  other  reciprocally. 

It  has  been  established  by  prolonged  stand  and  operational  test¬ 
ing  of  sulfur -containing  diesel  fuels  with  sulfur  contents  below  1% 
that  these  fuels  do  not  have  any  significant  corrosive  action  on  the 
fuel-feed  apparatus  of  diesels.  However,  even  though  these  tests  were 
extended  for  500-1000  hours,  they  were  still  not  long  enough  to  permit 
detection  of  even  traces  of  corrosion  on  the  engine  components  as  a 
result  of  contact  of  these  components  with  the  sulfur -bearing  fuel. 

To  ascertain  the  corrosive  effect  under  the  conditions  of  pro¬ 
longed  contact  between  metals  and  diesel  fuels,  M.S.  Smirnov  and  Yu.V. 
Mikulln  set  up  experiments  in  which  plates  of  various  metals  (steel 
St.  3,  steel  10,  red  copper  and  Br-S-30  lead  bronze)  remained  in  con¬ 
tact  with  fuel  and  fuel  vapors  for  2-3  years  and  longer  at  normal  tem¬ 
perature.  The  fuel  was  held  in  glass  vats  covered  with  black  paper  to 
exclude  the  action  of  light.  The  results  were  evaluated  by  photograph¬ 
ing  the  surfaces  of  the  plates,  inspecting  them  visually,  and  weighing 
them.  Tliree  fuels  were  compared:  a  low-sulfur  fuel  (0.l8j^  sulfur)  con¬ 
forming  to  GOST  4749-49,  a  fuel  with  a  0.895^  sulfxir  content  in  accord¬ 
ance  with  VTU  488-53  and  an  experimental  fuel  with  a  sulfur  content  of 
1. 25J^. 

The  external  appearance  of  the  plates  showed  practically  the  same 
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changes  for  all  fuels.  Zones  on  which  the  color  had  changed  --  from 
yellow  to  green  and  blue  -  appeared  on  the  steelj  the  copper  showed 
uniform  darkening  or  isolated  spots  of  a  cinnamon-brown  color  and 
poorly  defined  edges.  The  fuel  containing  1.25^  of  sulfur  produced  in¬ 
distinct  dotted  corrosion  on  all  of  the  metals.  Table  49  lists  the 
changes  in  weight  of  the  plates  in  g/m  .  The  weight  changes  were  of 
the  same  order  of  magnitude  for  the  steel  and  copper  in  all  fuels; 
only  the  lead  bronze  shows  a  considerably  higher  sensitivity  to  at¬ 
tack  by  sulfur  compounds  present  in  the  fuel.  Plates  left  in  fuel 
vapors  showed  greater  weight  losses  than  the  plates  that  had  been 
totally  immersed  in  fuel.  This  is  evidently  to  be  accounted  for  by  the 
combined  action  of  fuel  vapors  and  atmospheric  moisture. 


TABLE  49 


Corrosion  of  Metals  by  Fuels  in  Prolonged  Con¬ 
tact  at  Normal  Ten^erature 
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1)  Metal;  2)  corrosion,  g/m^;  3)  fuel  conform¬ 
ing  to  GOST  4749-49  (S  =  O.lSjg,  3.5  years  of 
storage);  4)  in  vapor;  5)  in  liquid;  6)  fuel 
conforming  to  VTU  488-53  (s  =  0.89Jg,  3-5  years 
of  storage);  7)  experimental  fuel  (S  =  1.25JS, 

2  years  of  storage);  8|  steel  St.  3;  9)  steel 


10;  10)  red  copper;  ll)  Br-S-30  bronze. 

The  typical  curves  characterizing  the  kinetics  of  metal  corrosion 
(Figs.  93  and  94)  are  of  Interest.  In  all  oases,  we  observe  a  certain 
gain  in  the  weight  of  the  plates  after  the  first  few  months  as  a  result 
of  formation  of  a  sulfide  or  other  film  which  then  apparently  peols 
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Pig*  93*  Influence  of 
fuel  grade  on  corrosion 
of  steel  St.  3  plates. 

1)  Fuel  with  S  =  1.25jS; 

2)  fuel  with  S  =  0.9j&; 

3)  DS  (GOST  4749-49). 

A)  Corrosion,  g/m^j  B) 
plates  fully  Immersed  In 
fuelj  C)  time,  months. 
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Pig.  94.  Influence  of 
fuel  grade  on  corrosion 
of  lead-bronze  plates 
(key  same  as  on  Pig.  1 
[sic]).  A)  Corrosion, 

g/m  ;  B)  plates  totally 
immersed  In  fuel;  c) 
time,  months. 


off  or  disperses  in  the  fuel,  with  the  result  that  the  weight  of  the 

plates  drops  noticeably,  A. similar  pattern  was  observed  in  the  author' 

experiments  to  Investigate  the  mechanism  by  which  certain  sulfur  and 

phosphorus  products  act  on  metals  —  copper,  cadmium  and  steel  [3,  4]. 

Influence  of  Chemical  Nature  of  Sulfur  Compounds  on  Their  Corrosion 
IPropertles 

Schmidt  [5]  showed  that  elementary  sulfur  has  a  rather  strong  ef¬ 
fect  on  Cu,  Ag  and  Hg  and  a  weaker  action  on  other  metals;  hydrogen 
sulfide  attacks  Al,  Zn,  Cu,  Ag,  Pe  and  brass  with  formation  of  the  cor 
responding  sulfides.  Similar  conclusions  were  drawn  from  the  results 
of  studies  conducted  by  Wood  and  Scheely  [6]. 

Schmidt  prepared  a  solution  of  Isoaiuyl  mercaptan  in  petroleum 
(sulfui*  content  0.29^)  and  treated  copper,  brass  and  silver  with  it  at 
various  temperatures  and  for  various  times.  He  found  that  mercaptldes 
and  sulfides  formed.  On  addition  of  water  and  elevation  of  the  tempera' 
ture,  corrosion  was  accelerated. 


It  was  established  by  the  same  studies  that  other  sulfxir  compounds 
sulfides,  disulfides,  sulfoxides,  sulfo  acids,  hydrogen  sulfide  and 
thiophene  -  exert  no  noticeable  corrosive  action  on  metals.  Only  in 
the  presence  of  water  and  at  elevated  temperatures  does  corrosion  be¬ 
gin  to  show. 

Massing  and  Koch  [7l  demonstrated  the  corrosive  action  of  elemen¬ 
tary  sulfur  on  nickel j  with  a  0.02^  sulfur  content  in  the  fuel,  the 
crystal  structure  of  the  nickel  surface  began  to  break  up:  the  metal 
peeled. 

On  the  basis  of  his  investigations,  Kiemstedt  includes  the  fol¬ 
lowing  sulfur  compounds  among  the  corrosively  aggressive  types:  ele¬ 
mentary  sulfur,  hydrogen  sulfide,  mercaptans,  sulfuric  and  sulfurous 
acids,  sulfo  acids  and  neutral  and  acid  esters  [8], 

It  follows  from  even  these  first  experiments  that  elementary  sul¬ 
fur,  hydrogen  sulfide,  and  the  mercaptans  are  the  most  aggressive  sul¬ 
fur  compounds  among  those  present  in  petroleum  fuels. 

A.S.  Broun  and  A.P.  Sivertsev  [9]  summarize  the  problem  of  the 
possible  influence  of  sulfur  compounds  on  an  engine's  fuel  system  in 
the  following  manner.  They  write  that  the  most  vulnerable  points  in 
the  engine  are  its  copper  parts,  particularly  with  respect  to  sulfur 
and  hydrogen  sulfide.  Copper  tubing  is  most  sensitive  to  corrosion, 
cind  is  followed  by  various  copper-alloy  components  such  as  screens  and 
the  carburetor.  The  result  is  formation  of  a  copper  sulfide  which,  un¬ 
fortunately,  does  not  form  a  tough  film  like  lead  sulfide,  and  peels 
off  after  an  extremely  short  time,  to  be  carried  away  by  subsequent 
portions  of  fuel  and  olog  the  fuel-feed  ayetem. 

While  hydrogen  sulfide  and  elementary  sulfur  react  rather  rapidly 
with  copper,  the  mercaptans  ai’e  less  active  in  this  respect;  thus,  the 
mercaptans  form  only  a  slight  iridescence  on  a  polished  copper  surfa. 


Fig.  95.  Influence  of  elementary 
sulfur  on  corrosive  aggressive¬ 
ness  of  fuels.  l)  Baku  kerosene; 

II)  Grozny  kerosene;  III)  kero¬ 
sene  produced  from  sulfurous 
petroleum.  A)  Deposition  on 

metal,  g/m  ;  B)  weight  loss, 

g/m  ;  C)  elementary-sulfur  con¬ 
tent,  5^. 

If,  on  the  other  hand,  the  fuel  contains  even  traces  of  elementary  sul 
fur  in  addition  to  the  mercaptans,  their  action  is  Intensified  notice¬ 
ably. 

When  mercaptans  and  elementary  sulfur  act  jointly  on  copper, 
bright  layers  with  different  colors  —  red,  green  and  so  forth  —  form 
on  its  surface.  Sulfur  and  hydrogen  sulfide  form  "i  dull  d-aposit  on  a 
copper  surface;  in  its  di’y  state,  it  resembles  graphite.  In  the  major¬ 
ity  of  cases,  however,  copper  sulfide  forms  a  steel-blue  deposit.  Add! 
tlon  of  alcohol  to  a  corrosively  aggress.'  fuel  intensifies  corrosion 
although  only  to  an  insignificant  degree  [9]. 

V. N.  Zrelov  [10]  notes  that  when  mercaptans  are  present  in  a  fuel 
in  quantities  greater  than  0.01^  (reduced  to  sulfur),  together  with 
more  than  0.002^  of  elementary  sulfui',  intensive  corrosion  of  copper 
and  copper  alloys  accompanied  by  fomatlon  of  deposits  tiiat  adhere  to 
the  metals  and  solid  x'esidues  tiiat  are  not  soluble  in  the  fuel  is  ob- 


served  In  the  engine’s  fuel  system  at  120  . 


Pigxjre  95  shows  the  results  of  experiments  with  Icerosenes  of  vari¬ 
ous  origins  to  which  elementary  sulfur  had  been  added.  It  may  he  seen 
that  the  corrosive  effect  with  respect  to  bronze,  which  is  insignifi¬ 
cant  for  elementary-sulfur  contents  lower  than  0.G02J5  in  the  fuel,  in¬ 
creases  sharply  as  the  content  of  sulfur  is  further  increased.  Simul¬ 
taneously,  the  quantity  of  deposit  noted  in  the  fuel  ii. creases;  this 
is  copper  sulfide  [10]. 

The  formation  of  gelatinous  deposits  in  the  fuel  systems  of 
engines  operating  on  sulfur-containing  fuels  is  regarded  by  a  number 
of  foreign  authors  as  the  result  of  a  reaction  between  the  mercaptans 
present  in  the  fuel  with  the  copper  or  copper  alloys  from  which  the 
fuel-system  components  are  made.  It  is  emphasized  tliat  disulfides  do 
not  form  such  deposits  at  normal  working  temperatures.  These  gelatinous 
deposits  do  not  dissolve  in  ordinary  solvents  and,  as  a  result,  can  be 
eliminated  from  the  fuel  system  only  manually  after  disassembly  of  the 
entire  device. 

Analysis  has  shown  that  these  deposits,  which  resemble  lubricat¬ 
ing  greases,  consist  basically  of  the  fuel,  products  of  its  oxidation, 
and  copper  mercaptlde,  which  acts  as  a  thickener.  Water  is  a  persistent 
consonant  of  such  deposits.  A  typical  composition  of  the  deposits  (in 


$  by  weight)  is  as  follows. 

Fuel. . . 95.0 

Copper  taeroaptide.  . .  1. 8 

Oxidation  products. . . . 2.2 

Water**.*  . . l.o 


The  copper  mereaptide  isolated  from  the  deposit  had  the  following 
el^entary  compositlcai; 

The  investigations  were  carried  out  a  laboratory  maohine  L*^ 


which  the  fuel  circulated  for  2  weeks  through. a  filter  with' a  metallic 
(bronze,  brass  or,  copper)  screen.  At ''the  end  of  the 'lies  t,  the  filter 
was  treated  with  acid,  followed  by  titration  of  the  mercaptide  that 
had  been  separated  in  order  to  determine  the  weight  of  the  copper  raer- 
oaptide  that  had  formed. 

The  following  interesting  conclusions  were  drawn  [11]. 

1.  All  mercaptides  present  in  the  fuels  form  copper  mercaptides 
under  appropriate  conditions. 

2.  At  normal  working  temperatures,  the  disulfides  do  not  form  the 
gelatinous  deposits  described  above. 

3.  The  largest  quantity  of  deposits  is  obtained,  all.,  other  condi¬ 
tions  the  same,  on  brass  and  bronze  filters.  The  deposits  formed  on 
copper  filters  represent  1/4  to  1/6  this  amount. 

4.  For  a  given  high  mercaptan  content,  direct-distilled  fuels 
form  smaller  quantities  of  deposits  than  fuels  produced  by  cracking. 

5.  The  largest  quantities  of  deposits  are  obtained  in  mixtures  of 
mercaptan-containing  fuels  from  direct  distillation  and  catalytic 
cracking.  In  this  case,  the  quantity  of  gelatinous  deposits  is  at  least 
2  times  as  great  as  the  sum  of  the  deposits  obtained  in  each  of  the 
fuels  used  alone. 

6.  Even  when  present  in  small  quantities,  water  contributes  to 
the  formation  of  the  gelatinous  deposits  described  above.  Distilled 
water  has  this  property  to  the  lowest  degree,  while  water  containing 
free  alkali  manifests  it  most  strongly.  Sea  v/ater  occupies  an  inter¬ 
mediate  position  in  this  respect.  In  general,  the  higher  the  pK  of  the 
water,  the  more  aggressive  will  it  be  as  regards  deposit' formation. 

Tests  of  a  number  of  fuels  under  operational  conditions  fully 
confirmed  the  results  of  laboratory  investigations,  the  only  differ¬ 
ence  being  that  3-4  times  as  much  of  the  deposits  was  formed  in  a  given 


period  of  time  during  operation  than  In  the 
laboratory. 


Fig.  96.  Apparatus 
for  determining  cor¬ 
rosion  aggressive¬ 
ness  of  fuels.  1) 

Test  tube;  2)  tubing; 
3)  metallic  plate. 


fuel  specimens  on  VB-24 
air. 


Yu.V.  Snltserov,  V. S.  Demchenko,  and  A.S. 
Gorshenin  made  Investigations  of  a  number  of 
fuels  by  a  method  which  they  developed,  using 
the  Instrument  shown  In  Pig.  96.  100  ml  of 
the  fuel  to  be  tested  were  poured  Into  a  test 
tube  having  a  tube  Injector  with  a  4o  x  10  x 
X  2-mm  metallic  plate  suspended  from  It.  The 
plates  were  first  polished,  washed  In  benzene, 
dried  and  weighed.  During  the  experiment,  the 
plates  were  continuously  washed  with  a  fuel- 
8ind-alr  emulsion. 

Table  50  shows  the  total  and  mercaptan 
sulfur  contents  In  the  fuel  specimens  tested, 
while  Pig.  97  shows  the  results  of  tests  of 
bronze  at  120°  with  a  20-25-ml/mih  supply  of 


Fuel  No.  5*  which  contains  tiie  largest  quantltj*  of  mercaptans, 
produced  the  most  rapid  corrosion;  however,  fuel  No.  1,  with  its  small 
total  sulfur  content  and  negligibly  small  mercaptan  content  was  di¬ 
rectly  behind  It  in  corrosive  aggressiveness.  Together  with  this,  the 
experimental  fuel  (specliten  S)  produced  very  little  corrosion  in  spite 
of  Its  very  high  total  sulfur  and  mercaptan  content.  The  above  Indi¬ 
cates  that  the  sulfur  content  and,  in  particular,  the  mercaptan  con¬ 
tent  In  a  fuel  (when  the  structure  of  the  latter  Is  unkncswn)  ere  not 
sufficient  to  characterise  the  corrosive  aggressiveness  of  a  fuel. 

I. Ye.  Bespolov  et  .al  (12]  studied  the  corrosive  effects  of  TS-1 
and  T-2  fuels  containing  from  0.12  to  0.30^  of  total  sulfur  and  frc^- 
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Fig.  97«  Influence  of  mercaptan 
and  elementary-sulfur  contents 
in  fuels  on  corrosion  of  'VB-S4 
bronze,  l)  TS-li  2)  T-2j  3?  T-R; 

4)  TS-lj  5)  T-4;  6)  T-li  7>  ex- 

perimental.  A)  Corrosion,  g/m  ; 

B)  duration  of  test,  hours, 

0.002  to  0.05J^  of  mercaptans  on  copper  and  VB-24  bronze  at  60®  over  a 
period  of  100  hours.  The  experiments  showed  that  the  corrosive  aggres¬ 
siveness  of  fuels  TS-1  and  T-2  toward  bronze  when  they  contain  less 
than  0.01^  of  mercaptans  is  approximately  the  same.  With  higher  mercap¬ 
tan  contents  (from  to  0.05C^),  the  aggressiveness  of  T-2  fuel  is  - 

higher  than  that- of  TS-i.  Trda  higher  aggressiveness  of  T-2  fuel  was 
also  observed  in  the  exosriments  with  copper.  The  authors  show  by  di¬ 
rect  OisperiTiient  that  this  f.s  connected  with  the  presence  of  low-molecular- 
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weight  mercaptans  in  T-2  fuel  (with  its  hroad  fractional  composition), 
these  compounds  helng  absent  in  TS-1  fuel. 

TABLE  51 

Corrosion  of  Nonferrous  Metals 
and  Alloys  in  Fuels  for  VRD 


1  Marepnan 

2  Koppoann  b  KepoenBe, 

Ml/iO  CM* 

npHMofi  nopo- 
2  rOUKK 

TcpMUBecKoro 

KpcKHnra 

Sponaa  ....... 

3,8 

5,4 

KiRKOA . . 

1.8 

1,1 

hOBK  . 

1.0 

0,8 

« 

1)  Material;  2)  corrosion  in 

p 

kerosene,  mg/10  cm  ;  3)  direct- 

distillation;  4)  thermal-cracking; 

5)  bronze;  6)  cadmium;  7)  zinc. 

Special  experiments  with  thie  specimens  showed  that  on  addition  of 
up  to  0.002$^  of  sulfur  (a  quantity  not  detected  by  the  copper-plate 
test;  GOST  6321-52)  to  TS-1  fuel  containing  O.OlSjS  of  mercaptan  sul¬ 
fur,  its  corrosive  action  on  bronze  was  not  Intensified,  while  that  on 
copper  was  Intensified  considerably.  Even  when  O.OOIJ^  of  sulfur  was 
added  to  the  fuel,  the  corrosion  of  copper  was  Increased  by  a  factor 
of  18.  The  corrosion  was  accompanied  by  a  reduction  in  the  mercaptan 
content  in  the  fuels;  here,  this  process  continues  in  time  up  to  com¬ 
plete  exhaustion  of  all  mercaptaiiS  present  in  the  fuel. 

The  results  of  axi  investigation  of  the  corrosive  action  of  fuel 
sulf’ir  compounds  on  cadmium  are  of  interest.  Cadmium  coatings  are  used 
extensively  in  fuel-pump  parts  for  jet  and  other  gas-turbine  engines. 

B.A.  Englln  et  al  [13]  investigated  the  corrosi.e  action  of  fuels 


containing  various  quantities  of  mercaptans  on  oadmlimi-plated  steel 
bares tat  springs.  Fuels  with  the  following  mercaptan  content. s  (in  %) 
were  tested. 


T-2 . .  0.052 

Cracking  kerosene . . .  O.059 

TS-1 .  0.005 

T-l . . .  0.0003 

The  fuels  contained  from  0.0004  to  0. 0143^  of  water  (ordinary- 
fuels  contain  from  0.003  to  0.008^  of  water).  The  springs  were  in  con¬ 
tact  with  the  fuel  for  10  days  at  operating  temperature.  The  changes 
in  the  external  appearance  of  the  fuel  and  the  springs,  the  change  in 
weight  of  the  springs  and  the  presence  of  deposits  were  evaluated. 

There  was  no  deposit  in  any  of  the  dehydrated  fuel  specimens 
(water  from  0.0004  to  0.0012^)j  the  fuel  was  clear;  the  external  ap¬ 
pearance  of  the  spring  had  not  changed.  In  TS-1  (6.0055^  of  mercaptans) 
and  T-1  (0.0003^  mercaptans)  fuels,  the  same  pattern  was  observed  in 
the  presence  of  0.0046  to  0.0109^  of  water.  In  TS-1  and  T-2  fuels  with 
0.04?^  and  0.052JS  of  mercaptans,  respectively,  with  natural  moisture 
(0.0054-0.00635^  of  water)  and  artificially  moistened  specimens  (O.OO98- 
0.0110515  of  water),  deposits  had  formed  after  1-3  days  of  contact.  A 
decrease  in  the  mercaptan  content  in  the  fuels  was  established  in  these 
cases  by  direct  determination.  Analysis  of  the  deposit  showed  40,69^  C, 
8.1955  H,  8.5555  S,  12.27^  0  and  30.355  of  ash,  the  latter  containing 
43.7555  Cd,  1055  Si,  7.5^  Cu,  etc.  Consequently,  a  distinctly  expressed 
corrosion  process  is  in  evidence  here. 

These  experiments  were  repeated  by  I. Ye.  Bespolov  and  co-authors 
on  cadmium-plated  springs  with  and  without  cliromatlc  passivation.  In 
the  absence  of  passivation,  gelatinous  deposits  formed,  particularly 
in  cases  of  moist  fuel.  The  mercaptide  isolated  from  the  deposit  (28.555 
content  therein)  had  the  ccauposition  46.7^  C,  8.5/5  H,  16.355  S,  28.5^ 

Cd.  The  use  of  chromatic  passivation  raises  the  corrosion  resistance 
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of  the  cadmium  coatings  noticeably  [12]. 

k  cracking  kerosene  that  contained  0.059^  of  mercaptans  did  not 
show  any  corrosive  effect  on  cadmium  in  the  experiments  of  B.A.  Englin. 
In  the  opinion  of  the  authors,  this  Indicates  an  aromatic  nature  for 
the  mercaptans  in  the  cracking  kerosene,  v;hlch,  unlike  aliphatic  mer¬ 
captans,  possess  a  protective  anticorrosive  action.  The  authors  account 
for  the  daunage  to  the  cadmium  surface,  with  formation  of  gelatinous 
deposits,  by  the  presence  of  lai’gely  aliphatic  mercaptans  and  water  in 
the  fuel. 

Statements  as  to  the  elevated  corrosive  aggressiveness  of  ali¬ 
phatic  mercaptans  as  compared  with  the  aromatics  are  encountered  in 
many  reports,  although  there  are  also  data  that  contradict  this  affirma¬ 
tion.  In  investlgjatlng  the  corrosive  aggressiveness  of  cracking  and 
direct-distilled  kerosenes,  Ya.B.  Chertkov  [1]  obtained  the  data  listed 
in  Table  51« 

Bronze  corrodes  more  severely  in  thermal-cracking  kerosene  than 
in  direct -distilled  kerosene,  while  zinc  corrodes  almost  equally  in 
either. 

The  literature  contains  data  attesting  to  the  ability  of  aromatic 
mercaptans  to  inhibit  the  fuel-oxidation  process  in  the  presence  of 
metals.  It  is  noted  in  other  cases  that  the  presence  of  an  oxidation- 
promoting  or  antioxidant  effect  of  aromatic  and  aliphatic  mercaptans 
depends  on  their  concentrations  in  the  fuel. 

Proceeding  from  the  premises  developed  by  the  author  in  connection 
with  reseairch  into  the  meclianlsm  by  which  anticori’oslve  sulfur-  and 
phoBphoru8*oont«lnlng  oil  additives  act  [3,  ^],  it  may  be  asaumed  that 
aliphatic  and  aromatic  mercaptans  are  aggressive  toward  copper  and 
other  nonferrous  metals,  although  the  mercaptides  that  form  are  not 
attached  to  the  metal  with  the  same  tenacity.  As  a  result,  rapid  peel- 
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ing  of  the  film  that  has  formed  takes  place  in  some  cases,  so  that  new 
zones  of  the  metal's  surface  are  e:!Q)osed  for  corrosion,  while  in  other 
cases  the  film  that  has  formed  adheres  tenaciously  to  the  surface, 
thereby  preventing  further  progress  in  the  corrosion  process. 

The  experiments  of  s.E.  Kreyn  and  G.S.  Tarmanyan  brought  to  light 
the  high  anticorrosion  properties  of  phenylethylmercaptan  with  respect 
to  lead  and  lead  bronze.  If  such  a  film  forms  rapidly  enough,  the  re¬ 
sults  include  passivation  of  the  metal  surface,  i.e«,  it  ceases  to 
exert  its  catalytic  effect  on  the  fuel -oxidation  process  [4]. 

B.V.  Losikov  showed  that  elementary  sulfur  present  In  the  col¬ 
loidally  dissolved  state  in  sulfuretted  oil  forms  a  sulfide  film  very 
rapidly  and  even  at  moderate  temperatures  on  metals  (copper,  cadmium, 
lead).  This  film  possesses  a  distinctly  expressed  passivating  action, 
although  its  strength  is  not  particularly  highj  it  is  easily  removed 
from  the  surface,  exposing  a  new  fresh  surface  to  corrosion.  It  is  pre¬ 
cisely  for  this  reason  that  sulfuretted  oil  has  been  found  almost  in¬ 
effective  (16,  17,  4]  as  an  anticorrosive  additive  component.  It 

might  be  supposed  that  the  result  of  the  combined  action  of  elementary 
sulfur  and  raercaptans  observed  by  the  present  authors  is  determined 
not  only  by  the  nature  of  the  latter  and  the  metals,  but  also  by  their 
concentration  in  the  fuel  and  the  external  conditions  —  temperature, 
time  of  contact,  and  nature  of  mechanical  disturbances.  This  is  obvi¬ 
ously  the  reason  for  the  lack  of  agreement  in  evaluations  of  the  com¬ 
parative  corrosive  aggressiveness  of  different  types  of  raercaptans. 

These  remarks  do  not  deprecate  the  importance  of  the  unquestion¬ 
able  fact  that  elementary  sulfur  and  mercaptans  are  the  most  aggressive 
ccMttponents  among  the  sulfui'  compounds  of  petroleum  fuels  and  that  their 
aggressiveness  is  manifested  even  at  extremely  low  concentrations  in 
the  fuel.  Together  \>fith  this,  as  we  have  already  noted,  cases  are  ob- 
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served  in  which  fuels  -  even  fuels  containing  no  perceptible  quantities 
of  elementary  sulfiir  or  mercaptans  —  exert  a  clear-cut  corrosive  ac¬ 
tion  on  metals’.  This  is  most  often  the  case  with  high  total  sulfur 
contents,  "but  it  sometimes  occurs  even  with  relatively  small  contents. 

B. P.  Kltskly  [18]  reports  that  during  a  150-hour  test  of  an  en¬ 
gine  on  a  gasoline  containing  0. 15^  of  sulfur  and  not  having  the  prop¬ 
erty  of  darkening  a  copper  plate,  the  nozzle  throughput  Increased  by 
^  as  a  result  of  corrosive  wear. 

Comparative  Resistance  of  Metals  to  Corrosion  by  Sulfur  Compounds  in 
Fuel's  and  the  Influence  of  External  Factors  on  Corrosion 

As  we  noted  above,  nonferrous  metals  —  copper  and  its  alloys,  cad¬ 
mium,  lead,  zinc  and  silver  —  are  most  susceptible  to  corrosion  'by  sul¬ 
fur  compounds  in  fuels.  Copper  is  evidently  more  resistant  to  corro¬ 
sion  than  its  alloys  (certain  bronzes).  Iron  and  particularly  unalloyed 
and  alloyed  steels  are  regarded  as  virtually  immune  to  attack  by  sul¬ 
fur  compounds.  An  example  that  Illustrates  the  differences  between  the 
corrosion  resistances  of  metals  may  be  found  in  the  data  of  Yu. ’7. 
Snltserov  et  al  as  listed  in  Table  52.  The  comparative  resistances  of 
various  metals  may  be  Judged  from  the  figures  listed  in  Table  51. 

But  it  would  appear  hardly  possible  to  cor^truct  a  scale  in  which 
the  metals  are  arrayed  in  order  to  their  resistance  to  corrosion  by 
sulfur  compounds.  In  the  general  case,  this  will  depend  on  the  nature 
of  the  sulfur  compounds  and  their  concentration  in  the  fuel,  and  upon 
external  conditions  —  temperature,  presence  or  absence  of  moisture, 
extent  of  aeration  of  the  fuel,  and  so  forth. 

The  fact  that  numerous  tests  and  long-texm  operation  on  diesel 
fuels  with  sulfur  contents  less  than  1^  have  not  tiui'ned  up  a  single 
case  of  corrosion  of  the  fuel  apparatus  (plunger  pairs,  nozzle -atomizer 
needles)  by  the  fuels,  even  though  the  atomizer  needles,  for  examp'o. 


TABIiS  52 

Comparative  Resistances  of  Certain  Metals  to 
Corrosion  (in  g/m^)  by  Sulfur  Compounds* 


1  Cn;taBU 

2  TC-1  (o6p.  1) 

5  T-2  (oCp.  3) 

^  BoanyxoH 
25-50 

4 

6ei 

soiAyxt 

^  BO^AyXOU 

25-50 

JW//4UH 

-zj 

6ea 

CTa;ii.  12XH3A . 

7  Her 

•  Her 

Her 

Hex 

Bpousa  BB-24  HU . 

0,75 

0,25 

M’eAb  ajicKTponaTa^ecxafl  .... 

1,03 

0,89 

0,56 

0,43 

npoiiaa  BG-24  . 

3,36 

1,36 

0,78 

0,74 

Cmmcu  C-1 . 

7,65 

3,61 

2,26 

2,35 

numbers  assigned  to  fuels  see  Table  50» 
Experimental  conditions:  temperature  120©, 
time  6  hours. 

1)  Alloy;  2)  TS-1  (specimen  1);  3)  with  air, 
25-50  ml/min;  4)  without  air:  5)  T-2  (spec¬ 
imen  3);  6)  steel  12KhN3A;  7;  none;  8}  bronze 
■VB-24  NTs;  9)  electrolytic  copper;  10)  VB-24 
bronze;  11)  lead  S-1. 


operate  under  conditions  of  elevated  temperature,  attests  to  the  high 
resistance  of  steels  to  the  corrosive  effects  of  sulfur-containing 
fuels.  Corrosion  of  diesel-engine  fuel  apparatus  is  not  observed  even 
when  fuels  with  even  higher  sulfur  contents  (1.25J^  and  even  1.6o^)  are 
used  in  them. 

M.  S.  Smirnov  and  V.N.  Dneprov  [19]  conducted  long-term  tests  to 
determine  the  wear  of  plunger  pairs  in  diesel  fuel  pumps  dwing  opera¬ 
tion  on  fuels  with  various  (below  1.25/S)  sulfur  contents;  these  did 
not  indicate  any  difference  in  plunger  wear  in  operation  on  low-sulfur 
and  high-sulfur  fuels.  It  should  be  noted,  however,  that  all  fuels  un¬ 
der  discussion  here  contained  relatively  low  mercaptan  contents  (0.006 
O.OOSjS),  a  property  that  is,  generally  spealcing,  typical  for  diesel 
fuels. 

Tests  conducted  by  the  same  authors  on  the  motorless  stsuid  shown 
in  Pig.  93,  which  was  equipped  with  radioactive  (irradiated)  plunger 
pairs,  made  it  possible  to  detect  certain  differences  in  plunger  wear, 
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Fig.  98.  Diagram  of  apparatus  for  estimating  wear 
on  plunger  pairs  by  radioactive -isotope  method. 

1)  Conversion  unit;,  2)  mechanical  counter;  3)  in¬ 
put  unit;  4)  air  thermometer;  5)  reservoir;  6) 
cock  for  withdrawal  of  samples;  7)  lead  housing; 
8)  counter-tube  unit;  9)  counter  tubes;  10) 
glass  tube  in  line;  11)  six-plunger  fuel  pump  to 
ZI).-\6.  e.ngine ;  12)  BNiC  hopster  pump;  13)  electric 
mbBorT'l4)  electri8“  motor  starter;  15)’^  start  1)Hjit- 
ton;  16)  rectifier.  A)  220  vAC;  b)  to  50-cycle 
220  V  AC  line. 


TABLE  53 

Influence  of  Temperature  on  Rate  of  Corrosion 
(fuel  1  after  Table  50) 


1  Kopposiin  (»  t/.u*)  iipji  TOMUoparype  (■  •€) 


100 

120 

140 

2  11  Up0A0.1HUtTeJlU10CTI>  UCDUTaUlIH,  oiaoil 

6 

8 

2 

4 

6 

8 

4 

8 

GpORU  BB-24 

Mfuk  MeKTpoAnTateoKM 

0,33 

0,09 

0,58 

0,38 

1,28 

0.05 

3,38 

1,03. 

3,73 

1.39 

1,6$ 

4,6? 

1,18 

h"- 

1)  Corrosion  (in  g/m^)  at  temperature  of  (in 
dc);  2)  and  test  time  in  hours;  3)  bronze  .. 
VB-24;  4)  electrolytic  copper. 


at  least  for  a  fuel  containing  0.025/J*  of  mer  cap  tans  and  the  same  fuel 
after  elimination  of  the  mercaptans.  The  results  of  these  e:q)erlments 


ai’e  listed  in  Fig.  99.  Here,  curve  .1  refers  to  the  low-sulfur  fuel, 
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Z  ^  S  8  W  f2  til-  fS  t8  ZO 
BSpeifii,  vac. 

Pig.  99*  Influence  of  mercaptan 
content  in  diesel  fuel  on 
plunger  wear.  1)  Standard 
diesel  fuel;  2)  high-sulfur 
diesel  fuel  without  mercaptans; 

3)  high-sulfur  diesel  fuel 
with  mercaptans.  A)  Impulses, 
min  [sic];  B)  time,  hours. 

which  contained  0.lQ%  of  sulfur,  curve  3  to  the  high-sulfur^ fuel  con¬ 
taining  1.0^  of  sulfur,  of  which  0.025J^  was  mercaptan  sulfia:*,  and 
-curve  2  to  the  same  fuel  after  complete  elimination  of  the  mercaptans. 
Although  no  corrosion  damage  whatsoever  could  be  detected  in  this  case 
on  the  surfaces  of  the  plungers  and  sleeves,  the  data  obtained  never¬ 
theless  testified  convincingly  to  the  ability  of  mercaptans  to  inten¬ 
sify  plunger  wear  to  a  certain  degree,  obviously  through  corrosion 
processes. 

The  intensity  of  corrosion  increases  sharply  with  increasing  tem¬ 
perature.  This  may  be  seen  from  Table  53  (after  YU.V.  Snitserov  et  al) 
Particular  attention  must  be  paid  to  this  when  the  fuels  are  used 
in  the  engines  of  supersonic  aircraft,  and  in  any  other  engine  where 
the  fuel  may  be  subject  to  heating  or  the  actual  components  of  the 
fuel  system  operate  under  conditions  of  elevated  temperature. 


Corrosion  of  metals  by  aggressive  sulfur  compounds  is  intensified 
in  the  presence  of  water,  as  illustrated  by  the  examples  given  earlier 


It  is  evident  that  the  presence  of  air  also  accelerates  the  progress 
of  corrosion. 

Not  only  (and  not  so  much)  prevention  of  corrosion  of  the  fuel- 
system  elements,  but  also  prevention  of  formation  of  corrosion  deposits 
on  their  surfaces  are  of  great  importance  in  ensuring  normal  operation 
of  a  modern  engine's  fuel  system.  Such  deposits,  which  take  the  form 
of  dense  resinous  layers,  fom  chiefly  on  nonferrous  metals  —  cadmium, 
zinc  and  particularly  bronze.  Such  deposits  are  not  formed  on  steels. 
The  basic  cause  of  their  formation  is  the  presence  of  elementary  sulfur 
and  mercaptans  in  the  fuel.  Other  sulfur  compounds  —  aliphatic  and 
aromatic  sulfides  and  disulfides,  as  well  as  thiophene  and  thlophane  — 
form  no  corrosion  deposits  on  metals. 

CORROSIVE  PROPERTIES  OP  COMBUSTION  PRODUCTS  OP  SULFUR  FUELS 

Under  conditions  of  the  thermal -engine  cycle,  sulfur-organic  com¬ 
pounds  of  any  structure  form  the  sulfxir  oxides  SOg  and  SO^  in  addition 
to  the  products  of  oxidation  of  carbon  and  hydrogen  as  a  result  of  com¬ 
bustion. 

The  formation  of  SOg  in  the  combustion  products  has  always  been 
unquestioned,  while  the  presence  of  SO^  in  the  same  products  required 
direct  experimental  confirmation. 

In  the  production  of  sulfuric  acid,  oxidation  of  SOg  into  SO^ 
does  not  take  place  readily,  but  I’equires  creation  of  special  condi¬ 
tions  -  those  of  dli’ectional  catalysis.  The  extent  to  which  conditions 
in  the  firebox  of  boiler  installations  or  in  the  combustion  chambers 
of  gas  turbines  and  internal-combustion  engines  may  contribute  to  this 
reaction  remained  unknown. 

One  of  the  first  indications  of  the  presence  of  SO^  among  the  com¬ 
bustion  products  of  sulfur  fuels  in  diesels  is  due  to  Cloud  and  Black¬ 
wood  [2^].  In  experiments  run  on  three  internal-combustion  engine;; 
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different  types,  the  authors  noted  that  from  6C  to  of  all  the  sul¬ 
fur  present  in  the  fuel  formed  SO^  on  combustion.  These  e^qperiments 
indicated  that  SOg  did  not  produce  such  grave  consequences  as  SO^,  the 
action  of  which  resulted  in  accelerated  wear  and  in  the  formation  of 
varnishes  on  the  piston  and  cylinder  walls. 

The  results  of  these  experiments  were  discus led  later  in  a  number 
of  reports  [20-22],  The  opinion  was  expressed  that  although  the  foima- 
tion  of  SOg  in  comb\istion  of  high-sulfur  fuels  may  be  regarded  as  es¬ 
tablished  beyond  question,  there  remains  doubt  as  to  whether  the  quan¬ 
tity  of  SO^  is  actually  as  large  as  has  been  stated.  An  analysis  of 
exhaust  gases  carried  out  by  a  number  of  investigators  showed  that  the 
percentage  content  of  SO^  detected  in  them  depends  to  a  major  degree 
on  the  point  at  which  the  gas  sample  was  taken  and  the  method  used  in 
taking  it.  Here  the  hypothesis  was  ad\^nced  that  conversion  of  the 
lower  oxide  into  the  higher  is  possible  as  a  result  of  the  catalytic 
action  of  the  metallic  surfaces  and,  consequently,  may  take  place  not 
only  on  the  walls  of  the  cylinder  sleeve  and  piston,  where  this  reac¬ 
tion  is  least  desirable,  but  also  on  the  path  from  the  combustion  cham¬ 
ber  to  the  point  at  which  the  sample  was  withdrawn.  For  this  reason, 
analysis  of  the  gas  for  its  SOg  and  SO^  contents  -  no  matter  where  the 
gas  sample  was  taken  —  does  not  give  a  complete  conception  of  the  ac¬ 
tual  scales  on  which  the  higher  oxide  of  sulfxir  is  formed  [25J.  Never¬ 
theless,  ttio  presence  of  ooth  SO^  and  SO^  in  the  ccmibustion  products 
of  hJgh-sulfur  fuels  need  not  be  questiosied. 

The  corrosive  action  of  sulfur  oxides  on  metals  taay  be  li^ifested 
under  two  essentially  different  sets  of  conditions:  1)  at  low  and  mod¬ 
erate  temperatui'es  and  2)  at  high  temperatures.  In  the  forsier  case,  we 
shall  be  dealing  with  low- temperature  cci'rosion  and  In  Ute  latver  case 


k : 


with  high-temperature  corrosion. 
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Fig.  100.  Combustion- 
chamber  corrosion  as  a 
function  of  teir^erature 
of  corroded  surface.  1) 
Corrosion;  2)  tj^;  3) 

^opt^  4)  temperature. 


L.V.  Malyavinskiy  and  I. A.  Chernov 
[26]  present  a  typical  curve  of  combus¬ 
tion-chamber  corrosion  as  a  f\inction  of 
the  temperature  of  the  surface  being 
corroded  (Pig.  100).  Here  I  is  the  re¬ 
gion  of  electrochemical  corrosion  taking 
place  under  an  extremely  thin  adsorption 
or  visible  film  of  electrolyte,  and  II 
is  the  region  of  dry  chemical  gas  corro¬ 
sion. 


The  possibility  and  Intensity  of  vapor  condensation  onto  the  sur¬ 
face  at  a  given  water-vapor  concentration  in  the  combustion  products 
depends  on  the  surface  temperatui-e.  If  the  temperature  is  above  the 
critical  i.e. ,  above  the  "dew  point,"  no  condensation  occurs. 

As  the  temperature  of  the  surface  diminishes,  the  possibility  of  con¬ 
densation  increases. 

As  is  indicated  by  the  curve  in  Fig.  ICO,  the  rate  of  electro¬ 
chemical  corrosion  increases  sharply  with  diminishing  temperature.  The 
rate  of  gaseous  corrosion  increases  with  diminishing  temperature,  but 
not  very  fast.  The  ssseciflc  importance  of  electrochemical  and  chemical 
corrosion  depends  on  the  device  in  wJiich  the  fuel  is  burned  and  the 
conditions  u^der  which  it  burns,  but,  as  a  rule,  low-temperature  eleo- 
trochesiical  corrosion  is  the  greatei'  danger  in  internal-ccmbustion 
engines  as'sd  in  the  boilers  of  ’ steam  installations, 

XiOt  us  consider  this  problem  in  greater  detail  as  it  applies  to 
the  case  of  sulfur eos^ustion. 

As  wo  Isa  VO  already  stated,  th«e  initial  pi'oduct  of  fuel-sulfur  com¬ 
bust  ion  is  sulfur  dioxide,  which,  reacting  with  the  excess  of 
always  present  lii  the  boiler  or  coaibustion  chamber.  Is  oxidised  tv 
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Pig.  101.  Influence  of  ammonia  on  SOg  and  SO^ 

contents  in  exhaust  gases,  a)  2Ch-8,5/ll  engine 
(fuel  with  S  =  1.25^1;  h)  lCh-10.5/l3  engine 
(fuel  with  S  =  1.6^).  l)  Without  addition  of 
ammoniaj  II)  with  delivery  of  3  litersAo^  of 
ammonia.  A)  Content  of  SOg  and  SOj,  mg/150 

liters;  B)  load 

€ 


Given  adequate  time,  this  reaction  proceeds  until  an  equilibrium 
has  been  reached;  this  depends  on  the  partial  pressures  of  the  sulfur 
dioxide  and  oxygen  and  on  the  temperature  of  the  gases  [27]. 

Adequate  data  are  not  available  on  the  question  of  the  rate  of 
the  reaction  in  which  SOg  oxidizes  to  SO^  under  the  conditions  of 
thermal  engines;  however,  j.t  may  apparently  be  assumed  tliat  the  rate 
of  the  reaction  Increases  with  rising  temperature  over  a  broad  tempera 
ture  range.  An  indirect  but  convincing  piece  of  evidence  in  favor  of 
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Pig.  102.  Saturation 
line  and  dew  points  of 
mixture  of  HgO  +  HgSOi^ 

for  total  pressure.  1) 
Superheated  vapor;  2) 
dew  line;  3)  moist 
vapor;  4)  boiling  line; 
5)  liquid. 


this  is  presented  by  the  data  of  Pig.  201, 
a  and  b,  which  were  obtained  by  L.A.  Alek- 
“sahdrdva  in  simultaneous  determination  of 
the  quantities  of  SOg  and  SO^  in  the  exhaust 
gases  of  diesels  operating  on  a  fuel  con¬ 
taining  1.25^  and  1.60^  of  sulfur.  It  may 
be  seen  that  raising  the  load  on  the  engine, 
which  always  Involves  a  rise  in  the  cycle 
temperature,  results  in  a  consistent  in¬ 
crease  in  the  fraction  of  SO^  in  the  com¬ 
bustion  products  of  the  high-suKur  fuel. 

Under  any  constant  set  of  conditions 


(excess  of  air,  fuel-feed  rate)  and  gas  temperature  T,  the  quantity  of 
SO^  formed  during  a  time  t  will  be  equal  to 

|S0,i  =  /(r,t). 

The  formation  of  sulfuric  anhydride  in  the  combustion  products  is 
reflected  in  the  -  the  temperature  at  which  condensation  begins  on 
the  surfaces  in  contact  with  the  gas. 


Since  tiie  vapor  pressure  of  sulfuric  acid  is  considerably  lower 
than  that  of  water  at  a  given  temperature,  the  dew  point  (the  tempera¬ 
ture  at  which  condensation  begins)  for  it  will  be  considerably  higher 
than  might  be  expected  solely  on  the  basis  of  the  water- vapor  content 
in  the  gases. 


Sulfuric  anhydride  foim  sulfurlc-acid  vapor  of  the  corresponding 
concentration  on  reaction  with  the  water  vapor  In  the  combustion  prod¬ 
ucts.  As  a  result,  a  system  composed  of  two  condensing  coe^onents  (HgO 
and  HgSO^^)  Is  produced  in  the  gases.  The  behavior  of  this  system  with 
varying  temperature  is  ciiaractei*ized  by  a  diagram  (Pig.  102)  constructed 
in  the  coordinates  t,  for  a  particular  value  of  the  vapos^-siixf  r' 
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pressure. 

The  upper  curve  (dew  point)  separates  the  superheated-steam  region 
from  the  wet-steam  region,  while  the  lower  curve’  (boiling  line)  sepa¬ 
rates  [the  latter]  from  the  liquid  region.  Point  a  corresponds  to  an 
SO^  content  of  0,  1,6,,  to  pure  water  vapor,  while  point  b  oorresponde 
to  100^  H2S02^.  In  other  words,  a  is  the  dew  point  of  water  vapor,  and 
b  is  the  dew  point  of  lOOJ^  H2S02|^.  It  may  be  seen  that  even  insignifi¬ 
cant  contents  of  SO^  in  the  vapors  produce  sharp  Increases  in  dew 
point  as  compared  with  that;  of  pure  water  vapor,  and  that  the  conden- 
"sate  deposited  when  this  happehs'is “sulfuric  acid  of  one  concentration 
or  another  [28], 

•M.3.  Smirnov  used  the  device  [19,  28]  whose  diagram  la  shown  in 
Pig.  103  to  determine  the  dew  point  of  the  combustion  products  of  sul¬ 
fur-containing  fuels  in  diesels.  The  device  consists  of  a  row  of  paral¬ 
lel,  sequentially  connected  tubes  made  from  tinplate  and  Installed  in 
a  tank  with  coolant  water.  The  exhaust  gases  from  the  engine's  exhaust 
manifold  enter  the  first  tube  on  the  left  and,  passing  through  all  of 
the  tubes,  are  released  into  the  atmosphere.  The  temperature  of  the 
combustion  products  is  measured  simultaneously  by  six  thermometers. 

V.hen  heat  is  withdrawn  from  a  gas  that  is  not  saturated  with  water 
vapor,  its  temperature  will  drop  approximately  linearly  with  diminish¬ 
ing  heat  content.  When  the  gas  temperature  reaches  the  dew  point,  mois¬ 
ture  begins  to  precipitate  aiid  the  latent  heat  of  condensation  is  re¬ 
leased.  This  will  be  expressed  by  a  break  in  the  cooling  curve  that 
will  characterise  the  dew  poiiit. 

Figure  104  presents  the  cooling  curves  obtained  by  3?.S.  Smirnov 
for  the  combustion  products  of  fuels  with  various  sulfur  contents  as 
produced  by  a  engine,  which  operated  in  all  cases  at  full  power. 
For  fuels  containing  0.9,  1,0  and  1-23^  sulfur,  the  dew  point  lies  in 
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Pig.  103.  Diagram  of  apparatus  for  determining 
dew  point  of  combustion  products  in  diesels. 

1]  Tube  for  introduction  of  combustion  products; 

2)  thermometers;  3)  rubber  stoppers;  4)  valve 
for  drainage  of  coolant  water;  5)  glass  stop¬ 
cocks  for  drainage  of  condensate;  6)  coolant- 
water  tank,  a)  Gas  inlet;  B)  coolant-water  in¬ 
let;  C)  gas  outlet;  d)  coolant-water  outlet. 

the  range  from  110  to  130°.  For  a  fxiel  containing  O.lSj^  sulfur,  the 
dew  point  Is  38°.  Consequently,  all  other  fuel-combustion  conditions 
the  same,  a  consistent  dependence  of  dew  point  on  fuel  sulfur  content 
is  established. 

Measurements  made  by  the  same  author  indicated  that  in  all  operat 
ing  modes  of  the  3D-6  e.ugine,  the  cylinder-sleeve  temperature  is  100 
to  110°  at  the  top  and  bottom  and  60  to  93°  in  the  middle  part,  which 
is  most  effectively  cooled,  i.e.,  given  these  relationships  between 
the  temperatures  of  the  cylinder  liners  and  the  dew  points  of  sulfu:'- 
fuel  combustion  products,  formation  of  sulfuric  acid  is  Inevitable  n  ■ 
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Pig.  104.  Dew  point  for  fuel  products  of  com¬ 
bustion.  l)  Sulfur  fuel  {1.25^  sulfur)]  2)  sul- 
ftir  fuel  (1^  sulfur);  3)  sulfur  fuel  (C.9^  sul¬ 
fur);  4)  low-sulfur  fuel  DS,  GOST  4749-49 
(0.l8j^  sulfur),  a)  Gas  temperature,  °C;  B)  dis¬ 
tance  between  thermometers  in  tube,  mm. 

only  in  the  crankcase,  but  also  on  the  working  parts  of  the  cylinder 

liners . 

The  influence  of  the  air  excess  and  the  residence  time  of  the  mix¬ 
ture  in  the  high-temperature  zone  on  the  dew  point  is  extremely  strong. 
Figure  105  presents  the  results  of  dew-point  measurements  made  for  a 
number  of  fuels  with  various  sulfur  contents  and  air ‘.fuel  ratios,  as 
obtained  in  a  miniature  combustion  chamber  -  a  model  of  a  gas-turbine 
combustion  chamber  [29 3 •  The  dew  point  and,  consequently,  the  sulfuric- 
anhydride  content  in  the  combustion  products  increase  sharply  as  the 
sulfur  content  in  the  fuel  increases  from  zero  to  IJ^;  as  the  sulfur 
content  rises  from  1  zo  4^,  the  dew  point  continues  to  rise,  but  does 
so  s<aaewhat  more  slowly.  The  dew-point  depression  with  increasing  ex¬ 
cess  of  air  is  produced  precisely  by  the  drop  in  the  SO^  concentration 
in  the  combustion  products.  Although  the  rise  in  the  oxygen  partial 
pi’essure  contributes  to  formation  of  SO^,  the  increased  speed  of  the 
gas  i*esultlng  from  its  increased  volume  and  the  shortened  residence 
time  of  each  gas  molecule  in  the  high-temperature  zone  offsets  the  ef¬ 
fects  of  the  first  factor. 
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Fig.  106.  Change  in 
saturation  tempera¬ 
ture  of  water  vapor 
over  piston  stroke 
in  lCh-10.5/i3 
diesel.  1)  Tempera¬ 
ture  along  genera¬ 
trix  of  cylinder  at 
1500  rpmj  2)  tempera¬ 
ture  along  cylinder 
generatrix  at  900 
rpm.  a)  Piston 
stroke,  mm]  B)  sat- 
urat;.on  temperature  j 
C)  N-  =  10.2  hpj  D) 

C»  ^ 

temperature,  °C. 


v;as  foimd  to  be  below  100°.  As  a  rule,  the 
problem  of  low- temperature  corrosion  is  unim¬ 
portant  for  these  engines  because  of  the 
high  gas  tempera tiire  in  the  exhaust,  although 
further  utilization  of  the  lost  heat,  as  in 
utilizer  boilers,  may  create  conditions  for 
the  appearance  of  low-temperature  corrosion. 

CORROSION  OP  RECIPROCATING  INTEPJJAL- 
COMBUSTION  ENGINE  COMPONENTS 

The  presence  of  sulfur  and  its  compounds 
in  fuels  used  in  reciprocating  internal- 
combustion  engines  may  cause  low-temperature 
and  high-temperature  corrosion. 

The  possibility  of  condensation  of  water 
or  sulfuric-acid  vapor  on  the  surfaces  of  the 
engine  components  depends  on  the  temperature 
of  these  components  and  external  conditions: 
the  moisture  content  of  the  gaseous  combustion 
products,  their  SO^  content,  the  temperature 


and  the  pressure.  For  the  cylinder -ar.d-pis ton  group  of  the  engine. 


which  is  the  basic  target  of  low- temperature  corrosion  by  sulfur-fuel 


conbustion  pi’oducts,  these  conditions  change  continuously  together 
with  clianges  in  combustion-chamber  volume  and  the  state  of  the  gases 
as  a  result  of  the  reciprocating  motion  of  the  piston.  The  experimental 
results  obtained  by  L.V.  Malyavlnskiy  and  I. A.  Chernov  [26]  in  a 
lGh-lO.5/13  diesel,  which  are  shown  in  Pig.  I06,  may  serve  as  an  illus¬ 
tration;  they  show  the  change  in  the  saturation  temperature  of  the 
water  vapors  over  the  engine's  piston  stroke  with  (solid  lines)  and 
without  (broken  lines)  consideration  of  the  vapor  content  of  the  air. 
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At  900  rpm,  the  condensation  of  moisture  from  the  combustion  products 
is  possible  over  the  entire  height  of  the  cylinder  sleeve,  while  at 
1500  rpm,  it  may  occin?  at  its  top.  Figure  107,  a  and  b,  gives  analogous 
curves  for  the  GAZ-51  and  M-IO3  carburetor  engines. 

Irrespective  of  the  presence  of  sulfur-combustion  products  in 
the  gases,  the  presence  of  water  vapor  and  carbon  dioxide  and  their 
condensation  on  the  engine's  cylinder  walls  may  produce  a  corrosion 
process.  A  sharp  Increase  in  piston-ring  and  cylinder-sleeve  wear  with 
diminishing  temperature  of  the  latter  was  distinctly  demonstrated  by 
the  e:?periments  of  Williams  [32],  as  well  as  in  the  tests  conducted  by 
Kendall  and  Gkreenshields  [33]. 


«  b 


Fig.  107.  Variation  of  saturation  ten^erature 
of  water  vapor  over  piston  strolce  in  engines, 
a)  GAS-51  engine;  b)  M-.103  eiiglne.  A^,  Ag,  A^) 

Wall  temperatures  of  cylinders  4,  5  and  6  at 
2100  rpm:  A'g,  A'^)  same  at  700  rpm,  1) 

QA2-51;  2)  temperature,  °C. 

When  30^  1b  proBtnt  In  the  combustion  products*  the  saturation 
temperature  is  shifted  into  a  region  of  even  higher  values,  so  that 
condensation  of  sulfuric  acid  on  the  cylinder-sleeve  walls  is  made 
easier. 


m  m  0^5  ato  0,2s  m  uss 

Pig.  108.  Influence  of  sulfur 
content  in  gasoline  on  cylin¬ 
der-sleeve  wear,  l)  Wear, 

2)  sulfur  content, 

As  a  result  of  the  thermal  dynamic  and  design  peculiarities  of  the 
various  reciprocating  engines,  sulfur  in  the  fuel  produces  more  rapid 
corrosion  and  wear*  of  parts  in  the  cylinder -pis ton  group  of  carburetor 
engines  than  in  diesels,  in  water-cooled  engines  than  in  air-cooled 
engines,  and  in  stressed  engines  with  high  compression  ratios  than  in 
less  highly  stressed  engines.  Greater  corrosive  wear  is  also  charac¬ 
teristic  for  engines  operating  at  low  speeds,  with  frequent  starting 
and  sharp  transitions  from  part  load  to  full  load. 

In  stationary  low-speed  engines  with  thick  and  consequently  hot 
cylinder-sleeve  walls  used  in  steady  operating  modes,  cylinder  corro¬ 
sion  and  wear  are  moderate  even  in  operation  on  fuels  with  very  high 
sulfur  contents  (up  to  3»0-3.5j6)» 

Investigating  the  influence  of  sulfur  content  in  gasoline  on  the 
wear  of  cylinder  sleeves  and  piston  rings  in  a  single-cylinder  engine 
with  a  bore  and  stroke  of  85  mm,  Williams  [34]  found  that  an  increase 
in  sulfur  content  from  0.01  to  0.08^  approximately  doubles  the  rate  of 
wear. 

Cattaneo  and  Starkman  [3^]»  who  studied  the  influence  of  sulfur 
at  contents  from  zero  to  0.45^  in  the  gasoline  on  wear  in  a  Chevrolet 
englTie  at  a  cooling  temperature  of  35^»  established  a  linear  relation¬ 
ship  for  wear  os  a  function  of  sulfur  content.  According  to  these  au- 


thors,  wear  approximately  doubles  when  the  sulfur  content  rises  from 
zero  to  0.1^, 

Figure  108  shows  the  Influence  of  increasing  sulfur  content  in 
the  gasoline  (from  0.05  to  0»35^)  on  wear  of  an  engine’s  cylinder 
sleeves  in  220-hour  tests  (according  to  N. S.  Semenov  [36]).  An  increase 
in  sulfur  content  from  0.05  to  0.10^  doubles  the  rate  of  wear.  It  was 
shown  by  the  same  tests  that  the  increase  in  the  clearance  at  the  com¬ 
pression-ring  Joint  reaches  250-4005^. 

Many  investigators  [19,  24,  37-41 ]  have  studied  the  influence  of 
sulfur  in  the  fuel  on  wear  in  diesels.  The  results  of  their  investiga¬ 
tions  are  summarized  in  a  series  of  monographs  that  have  been  pub¬ 
lished  in  recent  years  [19,  35,  38-40],  The  consensus  is  that  as  the 
sulfur  content  in  a  diesel  fuel  rises  from  0,2^  (fuel  from  Baku  petro¬ 
leums)  to  1.0-1. 2^  (fuels  from  petroleums  of  Par  Eastern  fields),  wear 
of  the  diesel’s  cylinder -and-pls ton  group  increases  by  a  factor  of  2-6. 
The  factor  by  which  wear  is  accelerated  depends  on  the  type  of  engine 
and  the  conditions  under  which  it  is  operating. 

The  results  of  tests  of  a  series  of  domestic  automotive  and  trac¬ 
tor  engines  on  fuels  with  various  sulfur  contents  (Table  55)  aa  aum- 
marised  by  N.G,  Puchkov  [39]  may  be  used  to  Illustrate  the  above.  The 
tractor  engines  (KIM-46  and  D-54),  which  have  small  ratios  ^f  cylinder 
working  surface  to  cylinder  volume,  are  less  sensitive  to  attack  by 
products  of  sulfur  combustion  than  the  highly  stressed  YaAZ-204  auto¬ 
motive  engine. 

Table  56  presents  data  of  M.S.  Smirnov  [19]  that  cliaracterise  the 
wear  of  the  principal  parts  of  a  lCh-lO.5/13  engins  after  500  hours  of 
operation  on  fuels  with  various  sulfui'  contents. 

All  of  the  above  applies  to  higJi-speed  highly  sU’essed  dioseXs. 

The  low-speed  heavy-duty  marine  and  stationary  diesels  operate  dep 


TABLE  55 

Wear  of  Cylinder  Sleeves  with  Various  Sulfur 
Contents  in  Fuel 


1 

^BiiraTCAu 

2 
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itenuranna 

[3 
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B  TonaitBC, 
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1,0 

14 

•  i 

CTonAOBUo 
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5  flA3-204 
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140  ■ 

b  A-35 
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70 
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30 

64 

8  KAM-46 

lOOO  » 

48 

— 

11  dKenAyaTauiioiiiiuo  ncnuranaii 

5  fl‘A3-204 

1000  K.H  1C 

I  5.6 

4,5 
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3  flA3-2W 
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3,0 

6,5 

16,2 

6  A-35 

lOOO  ne.  9 

230 

280 

440 

7  A*54 

1000  > 

100 

120 

150 

_ 

8  KAM-46 

1000  > 

50 

70 

90 

— 

l)  Engine]  2)  duration  of  tests;  3)  cylinder 
wear  (in  p.)  for  sulfur  content  In  fuel  of  [J^]; 

4)  bench  tests]  5)  yaAZ-204j  6)  D-35>  7)  D-54; 

8)  KDM-46j  9)  hours;  10)  kni;  11)  operational 
tests. 

ably  on  fuels  with  sulfur  contents  up  to  and  above  yjo*  Steinltz  [42] 
explains  this  in  terms  of  the  great  thickness  of  the  cylinder  walls 
and  the  presence  of  a  special  lubrication  system  in  which  the  oil  is 
fed  directly  onto  the  cylinder  wall.  This  accounts  for  the  long  ser¬ 
vice  lives  of  the  engines  -  up  to  15^000  hours  without  overhaul  for  a 
total  time  as  long  as  20  years. 

It  might  be  thought  that  the  increase  in  engine  wear  observed 
with  the  use  cf  high-sulfur  fuels  results  not  simply  from  the  corrosive 
action  of  the  combustion  products.  Intensified  scaling  and  varnish 
formation  on  the  hot  components  of  the  engine  are  generally  observed 
when  this  happens;  this  contributes  to  burning -on  or  at  least  reduced 
mobility  of  the  piston  rings.  As  a  rule,  the  scale  that  forms  is  harder 
than  that  formed  in  operation  on  low-sulfur  fuels,  and  this  may  also 
be  a  cause  of  accelerated  wear. 
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TABLE  56 

Wear  on  Principal  Components  of 
lCh-lO.5/13  Engine  after  500  Hours  of 
Operation 


1  J^erasB 
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1)  Component]  2)  wear  (in  mm)  during 
operation  on  fuel  with  sulfur  content 
of  [J^]:  3)  cylinder  sleeve]  4)  pis¬ 
ton]  5)  connecting-rod  hearing  insert] 

6)  top-end  hushing]  7)  crankshaft 
journal]  8)  compression  rings]  9)  in¬ 
crease  of  gap  at  Joint]  10)  weight 
loss]  11)  oil-control  rings]  12)  in¬ 
crease  in  gap  at  Joint]  13)  weight 
loss]  14)  grams. 

Nevertheless,  corrosive  wear  is  of  fundamental  importance,  as  in¬ 
dicated  hy  the  influence  of  coolant-water  temperature  on  wear  rats 
that  has  been  observed  hy  all  investigators.  The  data  of  B.B.  Qenhom 
[37],  which  ai’e  given  in  Pig.  109,  may  serve  as  an  example.  Wear 
doubles  as  the  coolant  temperature  is  lowered  from  90®  to  30®.  For  a 
fuel  containing  O.TjS  sulfur,  ?4oore  and  Kent  [33]  showed  that  a  change 
in  coolant-water  temperature  from  71®  to  36®  results  in  a  3-  to  4-foid 
increase  in  the  x’ate  of  piston-ring  wear.  Consequently,  the  role  taken 
by  low- temperature  corrosion  in  accelerating  weas*  of  the  engine’s  eyl- 


Inder-and-plston  group  in  operation  on  high-sulfur  fuel  may  be 
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as  establishevi  beyon>5.  question. 


Por  internal-combustion  engines  operat¬ 
ing  on  high-sulfur  fuels,  it  appears  that 
high-temperature  corrosion  is  not  of  grave 
importanoft.  Isolated  oases  of  exhaust-valve 
corrosion  have  been  observed  in  operation  of 
diesels;  however,  this  corrosion  never  as- 
siamed  catastrophic  dimensions.  It  is  charac¬ 
teristic  that,  in  sinalyzing  typical  causes  of 
valve  failure  and  malfunction  in  his  mono¬ 
graph,  K.  Georgi  [331  makes  no  mention  at  all 
of  high-temperature  corrosion  of  the  valves 
by  combustion  products  of  sulfur  fuels. 

The  following  observation  is  also  of  interest  [43]:  long-term 
comparative  tests  of  two  gasolines  with  sulfur  contents  of  0,06-0. 14$^ 
and  O.25-O.305S  were  run  on  62  motor  vehicles  of  various  types  operat¬ 
ing  Tinder  different  loads  and  undex’  a  variety  of  climatic  and  road  con¬ 
ditions.  The  following  results  were  established. 

1.  The  high-sulfur  gasoline  had  no  detrimental  effect  on  the  op¬ 
eration  and  service  life  of  the  valves. 

2.  Muffler  service  life  and  exliaust-system  corrosioti  were  the 
saite  i’or  opox'ation  on  either  gasoline. 

3.  Piston-ring  axid  cylinder-sleeve  weai'  iii  operation  on  the  high- 
sulfui'  gasoline  under  low-load  conditlo.is  with  frequent  starting  was 
2-5  tifiies  tiukt  observed  in  operation  on  the  fuel  ccatalnijig  less  sul¬ 
fur,  ’4eer  was  the  same  in  operation  under  heavy  loads  on  long  runs. 

SomewJmt  diffex'ent  conclusions  were  arrived  at  by  K.S.  Hamayya, 
who  showed  tJmt  at  the  tcaperatures  prevailing  on  the  friction  sur¬ 
faces  of  the  Oaigiifes's  cylinder-and-platon  group  {IOO-I50'®),  gaseous 
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Pig.  109.  Influence 
of  coolant -water 
temperature  on  rate 
of  wear.  l)  Sulfur 
content  in  fuel 
0.995JS;  II)  sulfur 
content  in  fuel 
0. 12750.  A)  Wear,  g 
of  Fe;  B)  hours  of 
operation. 


sulfuric  anhydride  may  be  a  direct  cause  of  corrosion  and  increased 
wear  [44],  However,  the  results  of  these  experiments,  which  were  per¬ 
formed  on  a  laboratory  simulation  apparatus  [45],  can  hardly  be  trans¬ 
ferred  directly  to  an  engine  and,  moreover,  the  possibility  is  not  ex¬ 
cluded  that  oxidation  of  SOg  to  SO^  took  place  under  the  conditions  of 
the  experiment. 
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Chapter  13 

COMPOSITION  AND  PROPERTIES  OP  BASE  FUELS  AND  COMPONENTS 

Commercial  grades  of  various  fuels,  as  a  rule,  are  mixtures  of 
two,  three,  or  more  component  parts.  That  particular  component  which 
makes  up  the  greatest  portion  of  the  fuel  composition  is  referred  to 
as  the  base  fuel. 

To  Improve  the  physicochemical  and  operational  properties  of  the 
base  fuels,  a  whole  number  of  substances  are  added  to  these  fuels, 
and  these  substances  can  be  divided  into  three  basic  groups,  depending 
on  the  nature  of  the  reaction  and  the  quantity  added:  components,  ad¬ 
ditives,  and  antiknock  additives  (see  Chapters  13  and  l4). 

Components  are  added  to  base  fuels  in  quantities  ranging  from  5 
to  additives  are  added  in  quantities  of  2  ~  to  improve  anti¬ 
knock  properties;  to  raise  the  cetane  numbers,  additives  are  added  in 
quantities  ranging  from  0.  5  -  3^;  in  order  to  Improve  the  operational 
properties  of  a  fuel,  additives  are  added  in  quantities  ranging  from 
0.004  to  1  -  eL%  The  quantity  of  antiknock  additive  added  to  a  fuel 
does  not  exceed  0. 2  -  0. 

BASE  PUEIS 

Products  of  various  petroleum-refining  processes  are  employed  as 
base  fuels,  and  we  have  reference  here  to  such  processes  as  direct 
distillation,  thermal  and  catalytic  cracking,  catalytic  reforming,  hy¬ 
drogenation  of  ooal  tar  and  heavy  petroleum  residues,  synthesis  from 
carbon  monoxide  and  hydrogen  (water  gas) ,  and  the  processing  of 
shales. 
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The  above -enumerated  products  differ  markedly  from  one  another  in 
terms  of  their  physicochemical  and  operational  properties.  It  should 
be  borne  in  mind  that  one  and  the  same  product  may  be  used  to  obtain 
certain  fuels  which  are  to  serve  as  base  fuels,  whereas  others  are  to 
be  used  as  fuel  components.  Below  we  present  a  discussion  of  the  prop¬ 
erties  of  all  the  products  from  the  basic  processes  in  the  refining  of 
petroleum  and  othe?  raw  materials,  regardless  of  whether  or  not  these 
products  are  used  exclusively  as  base  fuels  or  whether  employed  pri¬ 
marily  as  a  fuel  component. 


Products  of  the  Direct  Distillation  of  Petroleum 

The  following  products  from  the  direct  distillation  of  petroleiim 
serve  as  base  fuels;  gasolines,  llgrolns,  kerosenes,  gas  oils,  and 
solar  distillates. 


B  TtMttti)ai7i{/po*C  • 

Pig.  110.  Effect  of  end  of  boiling  or 
90^  distilled  temperatures  on  the  octane 
number  of  these  gasolines  [1].  1)  Gaso¬ 
line  from  heavy  Malgobek  petroleum;  2) 
direct-distillation  gasoline  (90^  distill¬ 
ed);  3)  gasoline  from  Groznyy  paraf¬ 
finic  petroleum;  4)  gasoline  from  Tuy- 
masy  petroleum;  5)  synthol;  6)  thermal - 
cracking  gasoline  (90^ distilled);  7) 
catalytic -cracking  gasoline  (905B  distill¬ 
ed);  8)  catalytic -reforming  gasoline 
(90*  distilled);  A)  Octane  number  (motor 
method);  B)  temperature,  OQ. 


Dlrect-dlstlllatlon  gasolines  are  used  for  aviation  and  automo¬ 
tive  gasolines;  ligroins  are  used  for  fuels  in  carburetor  tractors; 
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kerosenes  are  used  primarily  for  ;iet  and  diesel  fuels;  gas  oils  and 
solar  distillates  are  used  primarily  for  diesel  fuels.  Dlrect-dlstll- 
latlon  products  such  as  heavy  ligroin  or  a  wide  fraction  boiling  over 
within  a  range  of  from  60  to  280°  may  be  used  as  fuels  for  turbocom¬ 
pressor  air-reaction  engines. 

The  majority  of  the  direct-distillation  gasolines  consist  pri¬ 
marily  (90  -  95^)  of  paraffinic  and  naphthenic  hydrocarbons.  The  aro¬ 
matic-hydrocarbon  content  does  not  exceed  5  —  9^;  the  gasolines  from 

« 

the  Verkhne-Chusovsklye  Gorodki  petroleums,  containing  from  30  to  50$^ 
aromatic  hydrocarbons  are  an  exception,  as  are  the  gasolines  from  the 
Maykop  petroleum  which  contains  up  to  13J^  aromatic  hydrocarbons.  There 
are  no  unsaturated  hydrocarbons  in  direct -distillation  gasolines. 

Direct -distillation  gasolines  exhibit  high  stability,  are  not 
subject  to  resinificatlon  during  storage,  and  they  have  a  low  freezing 
point  (below  -100°).  Direct-distillation  gasolines  obtained  from  the 
various  petroleums  of  the  Soviet  Union  differ  markedly  between  one 
another  both  in  terms  of  chemical  composition  and  in  terms  of  anti¬ 
knock  properties. 

As  a  rule,  gasolines  containing  from  55  to  70$^  paraffinic  hydro¬ 
carbons  have  an  octane  number,  in  pure  form,  of  50  —  65  units,  and 
with  3  -  ^  ml/kg  ethjrl  fluid,  83  -  87  units.  Gasolines  containing  50  - 
705^  naphthenic  hydrocarbons  have  octane  numbers,  in  pure  form,  of  70  - 
73t  and  with  3  -  ^  ml/kg  ethyl  fluid,  90  -  95  units. 

An  exception  are  the  aviation  gasolines  containing  large  quanti¬ 
ties  of  Isoparaffinic  hydrocarbons  with  two  branched  methyl  groups. 

For  example,  gasolines  from  Voznesensk  petroleum,  as  well  as  gasolines 
from  Sagls  and  from  heavy  Malgobek  petroleum,  containing  up  to  60  - 
655^  isoparaffinic  hydrocarbons,  exhibit  octane  numbers,  in  pure  form, 

of  75  -  30,  and  with  3-4  ral/kg  ethyl  fluid,  90  -  97  units. 
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Dlrect-dlstillatlon  gasoline  grades  vary  within  a  very  wide 
range:  gasolines  rich  in  naphthenes  are  graded  higher  than  gasolines 
rich  in  paraffinic  hydrocarbons. 

The  antiknock  properties  of  direct -distillation  gasolines  are 
strong  functions  of  the  fractional  composition  of  these  gasolines.  As 
a  rule,  as  the  boiling  range  of  the  direct -distillation  gasolines  in¬ 
creases,  the  antiknock  properties  of  these  gasolines  experience  pro¬ 
nounced  impairment  (Fig.  110). 

High  requirements  are  Imposed  on  the  antiknock  properties  of  avi¬ 
ation  gasolines.  As  the  fractional  composition  becomes  heavier,  the 
antiknock  properties  of  direct -distillation  gasolines  are  Impaired,  so 
that  the  boiling  range  of  -these  gasolines  is  strictly  limited  in  the 
production  of  aviation  gasolines  not  only  with  respect  to  the  upper¬ 
most  permissible  boiling  limit  of  97*55^  of  the  fuel  (l80*^),  but  in 
terms  of  the  antiknock  properties  of  the  gasoline  in  question.  The 
poorer  the  antiknock  properties  of  gasolines  contained  in  some  petro¬ 
leum,  the  lower  the  temperature  required  in  order  to  restrict  the  boil¬ 
ing  off  of  97.55^*  As  a  result,  the  boiling  point  of  50,  90,  and  97. 5J^ 
direct -distillation  gaaolines  varies  over  a  wide  range.  For  example, 
the  97. 55^  temperature  for  various  gasolines  lies  in  a  range  from  115  — 
170*^,  and  for  a  90$^  gasoline,  the  temperature  ranges  from.  106  to  l45°. 

The  temperature  that  corresponds  to  the  beginning  of  boiling  and 
to  the  boiling  over  of  lOjd  of  direct -distillation  gasolines  used  to 
produce  aviation  gasolines  also  varies  within  a  rather  wide  range  of 
temperatures  (start  of  boiling  4£  -  86°;  lOJ^  distilled,  65 -92°).  In 
this  case,  the  direct -distillation  gasolines,  rich  In  naphthenes  (the 
majority  of  the  Balcu  and  Sakhalin  gasolines) ,  exhibit  high  tempera¬ 
tures  for  the  start  of  boiling  and  for  the  boiling  over  of  lOjS  and, 
conversely,  the  gasolines  rich  In  paraffinic  hydroceirbons  (Groznyy, 
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Krasnodar,  and  the  gasolines  from  the  Ural -Volga  deposits)  exhibit 
low  temperatures  for  the  start  of  boiling  and  for  the  boiling  over  of 
lOjg.  ' 

In  terms  of  antiknock  properties  and  fractional  composition,  not 
all  of  the  gasolines  oan  be  employed  as  base  fuels  for  the  production 
of  aviation  gasolines.  In  this  regard,  the  potentials  of  automotive 
fuels  are  substantially  greater. 

Higher -boiling  direet-distlllation  products  (kerosenes,  gas  oils, 
solar  distillates),  obtained  from  the  various  petroleums  of  the  Soviet 
Union,  differ  even  more  markedly  with  respect  to  chemical  composition 
than  do  gasolines.  In  addition  to  the  monocyclic  hydrocarbons,  the 
kerosene  fractions  may  contain  substantial  quantities  of  bicyclic 
naphthenic  and  aromatic  hydrocarbons,  and  in  the  higher -boiling  frac¬ 
tions,  components  of  diesel  fuel,  tricyclic  compounds  are  possible. 


TABLE  57  . 

Solidification  Temperature  and  Cetane  Number  of 
Diesel  Fuels  Having  Various  Hydrocarbon  Group 
Compositions 
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1)  Specimens  of  diesel  fuel;  2)  hydrocarbon 
group  composition;  3)  paraffinic -naphthenic  hy¬ 
drocarbons;  4)  paraffinic  hydrocarbons  and  side 
chains;  5)  aromatic  hydrocarbons;  6)  solidifica¬ 
tion  temperature,  ^0}  7)  cetane  number. 

Because  of  the  great  difference  in  the  chemical  composition  of 
the  kerosenes  derived  from  the  various  petroleums,  the  octane  numbers 

V 

of  these  kerosenes  vary  within  a  very  wide  range:  from  zero  and  be- 
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low  for  kerosenes  derived  from  Groznyy  paraffinic  and  certain  other 
petroleums,  to  50  —  55  for  kerosenes  derived  from  a  number  of  Emba, 

Par  Eastern,  and  some  Groznyy  petroleums*  As  a  rule,  the  octane  num¬ 
bers  of  the  kerosenes  Increase  as  the  aromatic -hydrocarbon  content 
rises,  but  when  there  Is  a  high  paraffinic -hydrocarbon  content  In  con¬ 
junction  with  a  high  aromatic -hydrocarbon  content  (particularly  In  the 
case  of  normal  structure  or  little  branching  for  the  former),  the  ke¬ 
rosene  octane  number  is  relatively  low.  The  kerosene  octane  number  Is 
a  function  of  the  nature  of  the  aromatic  and  particularly  of  the  naph¬ 
thenic  hydrocarbons.  Bicyclic  naphthenic  hydrocarbons  have  higher  oc¬ 
tane  numbers  than  the  monocyclic  hydrocarbons  that  correspond  to  the 
bicyclic  naphthenic  hydrocarbons  in  terras  of  molecular  weight. 

The  diesel-fuel  cetane  number  drops  with  an  increase  In  the  aro¬ 
matic-hydrocarbon  content,  and  this  pertains  especially  to  the  bicy¬ 
clic  hydrocarbons.  Conversely,  with  an  increase  In  normal -structure 
and  little-branched  paraffinic  hydrocarbons  In  the  diesel  fuel,  the 
cetane  number  of  the  diesel  fuel  increases;  there  is  a  simultaneous 
rise  in  the  solidification^  temperature  of  the  fuels.  Fuels  rich  in 
monocyclic  naphchenlc  hydrocarbons  and,  to  a  lesser  extent.  In  bicy¬ 
clic  hydrocarbons,  exhibit  low  solidification  temperatux^es  and  more  or 
less  acceptable  cetane  numbers. 

Table  57  shows  the  limits  of  change  for  the  cetane  numbers  and 
solidification  temperatures  of  diesel  fuels  derived  from  petroleums 
having  various  hydrocarbon  group  compositions. 

The  group  hydrocarbon  composition  of  the  products  obtained  from 
the  direct  distillation  of  even  a  single  petroleum  is  not  constant.  As 
the  boiling  point  of  the  dlrect-dlstlllatlon  product  rises,  the  con¬ 
tent  of  certain  classes  of  hydrocarbons  Increases,  whereas  the  con¬ 
tent  of  other  hydrocarbon  oleisses  decreases.  The  liydrocarbon  compos  i- 
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tion  of  loetroleums  from  various  deposits  changes  in  various  ways.  The 
content  of  aromatic  hydrocarbons  increases  as  the  boil-off  temperature 
lin^its  for  the  direct-distillation  product  increase,  and  this  all  the 
more  so,,  the  lower  their  content  in  the  Initial  product.  The  greatest 
Inoreese  in  the  content  of  aromatic  hydrocarbons  (on  the  average  from 
4  -•  9^  to  12  -  27^)  takes  place  within  a  temperature  range  from  170  to 
230°.  In  higher-boiling  products,  the  aromatic -hydrocarbon  content  is 
either  stabilized  or  experiences  an  insignificant  Increase. 

The  content  of  naphthenic  hydrocarbons  in  direct-distillation 
products  Increases  with  a  rise  in  the  boiling  point,  whereas  the  con¬ 
tent  of  paraffinic  hydrocarbons  drops;  however,  in  certain  products 
rich  in  naphthenic  hydrocarbons  (Surakhany  select  and  Kara-Chukhur 
petroleums),  vice  versa,  the  content  of  naphthenic  hydrocarbons  dimin¬ 
ishes,  whereas  the  paraffinic  hydrocarbon  content  increases.  In  a  num¬ 
ber  of  high -paraffinic  direct-distillation  products  (petroleums  from 
Ural -Volga  deposits,  Groznyy  paraffinic,  etc.),  containing  more  than 
60  -  705^  paraffinic  hydrocarbons  in  the  low-boiling  fractions  (up  to 
100  —  120^) ,  the  content  of  paraffinic  hydrocarbons  diminishes  with  a 
rise  in  the  boil-off  temperature  (within  a  range  below  300®)  only  to 
50  -  60^,  or  there  may  be  absolutely  no  reduction  in  the  content  of 
the  paraffinic  hydrocarbons.  Therefore,  the  direct-distillation  pro¬ 
ducts  of  such  petroleums  cannot  be  used  at  all  as  tractor  kerosene.  In 
the  derivation  of  Jet  fuels  which  use  these  products  as  a  base,  the 
upper  boll-off  limit  must  be  severely  restricted  in  order  to  provide 
for  a  solidification  temperature  that  does  not  exceed  -60°.  A  high 
solidification  temperature  makes  it  possible  to  make  only  summer  and 
special  grades  of  diesel  fuels  from  these  products.  This  same  restric¬ 
tion  must  be  observed  for  direct -distillation  products  obtained  from 
petroleums  of  the  Surakhany  select  type.  Products  containing  a  large 
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quantity  of  aromatic  hydrocarbons,  because  of  a  low  cetane  number, 
cannot  be  used  for  the  production  of  diesel  fuels,  nor  can  they  be 
used  for  jet-engine  fuels  in  which  the  aromatic -liydrocarbon  content  is 
restricted. 

Figure  111  shows  the  group  hydrocarbon  composition  of  narrow  kerc- 
sene-gas-oil  fractions  of  Tuymazy  petroleum. 

In  the  direct -distillation  products  of  almost  all  petroleums  we 
find  sulfur  compounds.  The  quantity  of  these  compounds  is  insignifi¬ 
cant  in  a  number  of  petroleums.  In  the  products  obtained  from  petro- 
letuns  from  the  Ural-Volga  deposits,  as  well  as  in  products  from  cer¬ 
tain  Central  Asian  petroleums  (Uch-Klzilskiy  and  Khaudag),  there  is  a 
significant  quantity  of  sulfxir  compounds.  The  quantity  of  these  com¬ 
pounds  Increases  as  the  boiling-point  limits  of  these  products  rise 
(Fig.  112). 

Table  58  shows  the  distribution  of  sulfur  in  the  sulfur  com¬ 
pounds  contained  in  commercial  diesel  fuels. 

We  con  see  from  the  data  in  the  table  that  with  an  increase  in 
the  total  sulfur  content  in  the  fuel,  there  is  an  increase  in  the  con¬ 
tent  of  sulfides  and  residual  sulfur  compounds  which  generally  include 
thiophenes  in  their  composition.  The  sulfides  and  residual  sulfur  com¬ 
pounds  total  more  than  90^  (up  to  S8  -  99^)  of  all  the  sulfur  compounds 
contained  in  diesel  fuels*  The  content  of  disulfides  and  mercaptan® 
does  not  depend  on  the  total  quantity  of  sulfur  in  the  diesel  fuel. 

Since  the  content  of  sulfur  is  rigorously  restx’icted  in  all  fuels, 
direct-distillation  products  derived  Vi'm  high-sulfur  petroleums  can¬ 
not  under  tny  olrounuitanoes  be  used  for  the  production  of  aviation 
gasolines,  nor  for  jet  and  diesel  ^els*  For  products  derived  from  pe¬ 
troleums  containing  smaller  quantities  of  sulAir,  the  upper  bcllirg 
limit  must  be  restricted. 
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Pig.  111.  Group  hydrocarbon 

composition  of  narrow  kerosene-  ■ 

gas -oil  fractions  of  Tuymazy  ■ 

petroleum  [2].  l)  Naphthenic 

hydrocarbons j  2)  isoparaffinic 

hydrocarbons 5  3/  naphthenic - 

pai'affinic  hydrocarbons j  4) 

aromatic  hydrocarbons^  5)  boil-  ^ 

ing  point,  oc.  * 


Fig.  liS.  Distribution  of  sulfur  compounds  in  petroleum  products,  de¬ 
pending  on  the  boiling  rai\se  of  these  products  [31-  1)  Petroleum  froa 
the  J^ikhanovo  deposit  (Kung^ir  stratum) i  2)  thd  same,  (carboniferous 
stratum);  3)  petroleum  from  tEie  SolVnoye  ravins  deposit  (carbonifer¬ 
ous  stratum);  k)  petroleum  from  the  Yablonovo  ravine  deposit  (carbo¬ 
niferous  stratum);  5)  peti^leum  from  the  Krasnoyarka  deposit  (Art i 
stratum).  A)  Sulfur  content,  B)  boiling  litaits  of  fractions,  oe. 
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TABLE  58 

Group  Composition  of  Sulfur  Compounds  In  Diesel 
Fuels  [4] 
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1)  Density,  pj  ;  2)  fractional  composition;  3) 

composition  of  sulfur  compounds,  in  $  of  sul¬ 
fur;  4)  stai’t  of  boiling;  5)  content  of  sulfur, 

56:  6)  elementary  sulfur  and  hydrogen  sulfide; 

7)  mercaptans;  8)  sulfides;  9)  disulfides;  10) 
residual  sulfur;  11)  none;  12)  the  same. 

Thermal -Cracking  Products 

Fl'om  among  the  thermal-cracking  products  gasolines  are  used  as 
base  fuels  for  the  production  of  automotive  gasolines  and  kerosenes 
ai*e  used  for  the  production  of  tractor  fuPls  and  as  components  In 
diesel  fuels  as  well  as  components  in  fuels  for  jet  engines.  The  hy¬ 
drocarbon  composition  of  the  thermal -cracklt\g  products  is  determined 
by  the  ooiiJltions  of  the  pi-ocess  and  the  nature  of  the  Initial  raw 
material  (crude).  The  basic  featus'e  that  these  s«*oduct3  have  in  com- 
is  the  piH^sence  of  substantial  quantities  of  unsaturated  hydrocar< 
bons. 

As  the  fractional  composition  of  the  thei^l -cracking  products 
heavier,  the  presence  (content)  of  unsaturated  hydrocarbons 
in  t;iese  products,  as  well  as  the  presence  (content)  of  paraffinic  liy 
drocurbons,  diminishes  (Table  59)-  Conversely,  the  content  of  naph- 
thcciic  and  aromatic  hydrocarbons  increases. 


TABIE  59 


Group  Hydrocai’bon  Composition  of  Thermal -Crack¬ 
ing  Products 
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1)  BoiliJg  limits  for  fractions,  ^C;  2)  unsat¬ 
urated  hyd.rocarbonsj  3)  paraffinic  hydrocarbons; 
4)  naphthenic  hydrocarbons;  5)  aromatic  hydro- 
carbor*3. 


TABIE  60 

Composition  of  Unsaturated  Hydrocarbons  in  a 
Thermal -Cracking  Distillate  [6] 
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1)  Unsaturated  hydrocarbons;  2)  boiling  point 
of  fractions,  ®C;  3)  total  content;  4)  includ- 
5)  diclefins;  6)  olefins;  7)  cycloole¬ 
fins;  o)  ai'omatic  hydrocarbons  with  double  bond 
in  side  chain. 

There  are  oiefir<s,  cyclooleftns,  ai^smatic  Siydrocarbons  with  a 
double  bond  In  the  side  chain,  as  well  as  small  quantities  of  dicle- 
fins  asid  cyclodiolefins  (Table  60)  in  thcj’saal -cracking  products.  Tlje 
latter  are  generally  found  in  the  head  fractions  of  gasoline.  Xn 
thermal -cracking  gasolines  of  lightened  fractional  composition,  the 
unsaturated  hydrocarbons  are  represented  primarily  by  the  olefins  and 
the  cycloolefins. 

The  olefins  are  concentrated  in  the  low-.>ol^ing  products.  The  con 
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TABLE  61 

Nature  of  Unsaturated  Hydrocarbons  In 
Thermal “Cracking  Products  of  Various 
Fractional  Compositions  [5] 
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45-215  33  37  30 

136—229  9  18  73 

211-265  3.5  7,0  89.5 

252-303  0  .  14  86 

l)  Bolling  limits  of  fractions ^  OC;  2) 
content,  referred  to  the  unsaturated  hy¬ 
drocarbons,  3)  olefins j  4)  cycloole- 
flnsj  5)  aromatic  hydrocarbons  '.vlth 
double  bond  in  side  chain. 

tent  of  cycloolefins  Initially  increases  as  the  fractional  composi¬ 
tion  of  the  product  becomes  heavier,  and  subsequently  the  content  is 
reduced,  attaining  its  maximum  in  the  150  -  175°  fraction.  Beginning 
with  the  122  —  150°  fraction,  aromatic  hydrocarbons  with  a  double  bond 
in  the  side  chain  appear  in  the  thermal -cracking  products.  As  the 
boiling  limit  temperature  Increases,  the  quantity  of  these,  aromatic 
hydrocarbons  (with  the  double  bond  in  the  side  chain)  increases,  and 
they  make  up  the  dominant  mass  of  the  unsaturated  hydrocarbons  in  the 
high-boiling  products  (Table  6l). 

Unsaturated  compounds  are  outstanding  because  of  their  low  sta¬ 
bility.  Under  the  action  of  light,  temperature,  the  oxygen  of  the  air, 
and  the  catalytic  action  of  metals,  these  compounds  are  subject  to 
rapid  oxidation  and  polymerization.  As  a  result  of  these  processes, 
resinous  substances  are  formed  and  are  accumulated  in  the  thermal- 
oraoklng  products,  as  are  acids  and  similar  undesirable  substances. 

The  investigations  that  have  been  carried  out  on  the  experimental 


storage  of  gasolines  containing  unsaturated  compounds  of  various  struc 
tures  have  shown  that  the  olefins  exhibit  little  tendency  to  tar  for- 
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matlon,  while  the  diolefins  and  aromatio  hydrocarbons  with  an  unsat¬ 
urated  bond  in  the  side  chain  form  tars  within  a  short  period;  in  this 
case,  the  dlolefins  form  tars,  given  any  (even  the  most  insignificant) 
concentrations  in  the  gasoline.  In  the  presence  of  dlolefins,  even  the 
olefins  begin  to  undergo  oxidation  leading  to  the  formation  of  tare. 

Depending  on  the  predominant  content  of  certain  unsaturated  hy¬ 
drocarbons  in  the  various  thermal -cracking  products,  these  may  differ 
markedly  between  one  another  in  terms  of  stability. 

To  increase  the 'stability  of  the  cracking  products,  i.e.,  to 
prevent  the  resinlfication  of  the  cracking  products,  special  substan¬ 
ces  are  employed,  and  these  are  referred  to  as  antloxideuits  (see  Chap¬ 
ter  l4). 

In  view  of  the  high  content  of  unsaturated  hydrocarbons  in  the 
thermal -cracking  products,  the  octane  numbers  of  these  products  are 
somewhat  higher  than  the  octane  numbers  of  corresponding  direct-dis¬ 
tillation  products  derived  from  the  same  petrole\im.  However,  as  a 
rule,  the  absolute  values  of  the  octane  numbers  of  thermal -cracking 
gasolines  are  relatively  low  and,  depending  on  the  initial  crude,  va¬ 
ry  within  a  range  of  58  -  68  units  during  the  cracking  process  and 
procedures.  The  octane  numbers  of  gasolines  produced  by  the  thermal- 
cracking  method  are,  to  a  lesser  extent  than  direct -distillation  gas¬ 
olines,  functions  of  the  end-of -boiling  point  of  the  thermal -cracking 
gasolines  (see  Pig.  110). 

Catalytic -Cracking  Products 

Catalytic -cracking  gasolines  and  gas  oils  are  used  for  the  pro¬ 
duction  of  fuels;  the  gasolines  are  used  as  the  base  fuels  for  the 
production  of  aviation  gasolines,  and  the  gas  oils  are  used  primarily 
as  components  for  the  production  of  diesel  fuels  and  fuels  for  carbu¬ 
retor  tractor  engines.  In  addition,  catalytic -cracking  gasoline  (as  a 
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TABLE  62 

Characteristic  of  Catalytic -Cracking  Gasolines 
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l)  Designation;  2)  fractional  composition;  3)  group  hydrocarbon  com¬ 
position;  4)  octane  number;  5)  motor  method;  6)  density  7)  start 

of  boiling;  8)  aromatic;  9)  naphthenic;  10)  paraffinic;  11)  unsatu¬ 
rated;  12)  pressure  of  saturated  vapors  at  380  mm  Hg;  13)  sulfur  con¬ 
tent,  14)  without  TES  [TEL];  15)  with  0.8  ml/lcg  TES  [TEL];  I6)  avi¬ 
ation  method  with  1.3  ml/l  TES;  17)  rich-mixture  grade  with 
1.3  ral/l  TES;  I8)  for  aviation  gasoline;  19)  for  automotive  gasoline. 

rule,  without  the  catalytic  purification  stage)  cari  be  used  Independ¬ 
ently  as  an  automotive  gasoline,  and  its  fraction  boiling  over  between 
180  and  205®,  is  used  as  a  component  in  this  gasoline. 

The  composition  of  the  catalytic -cracking  gasolines  to  some  ex¬ 
tent  is  a  function  of  the  initial  cxnide,  as  well  as  of  the  process  re¬ 
gime,  but  primarily,  and  this  applies  particularly  to  the  gasolines  of 
the  second  cracking  stage,  the  composition  of  the  [catalytic -cracking] 
gasolines  is  determined  by  the  specific  directions  taken  by  the  ~ 

carbon  reactions  caused  by  the  catalyst.  Gasolines  from  the  firs’ 


contain  a  subs  tan  tlal  quantity  of  unsaturar-ed  hydrocarbons,  attaining 
51/^  (Table  62) ,  and  relatively  slightly  branched  paraffinic  hydrocar¬ 
bons.  The  content  of  aromatic  hydrocarbons  is  greater  than  in  direct - 
distillation  and  thermal -cracking  gasolines.  Despite  the  high  content 
of  unsaturated  hydrocarbons,  the  catalytic -cracking  gasolines  of  the 
first  stage  are  rather  stable  in  storage.  This  can  be  explained  by  the 
nature  of  the  unsaturated  hydrocarbons  that  are  represented  by  the 
olefins  in  the  dominant  (basic)  mass. 

The  octane  numbers  of  catalytic-cracking  gasolines  of  the  first 
stage  are  higher  than  those  for  the  basic  mfiiss  of  the  direct -distilla¬ 
tion  gasolines  as  well  as  of  the  thermal -cracking  gasolines. 

The  second  stage  catalytic -cracking  gasolines  obtained  througii 
the  catalytic  processing  of  the  first -stage  gasolines  differ  rather 
markedly  from  the  latter  in  terms  of  chemical  composition.  Under  the 
action  of  the  catalyst,  aromatlzation,  isomerisation,  ana  hydrogena¬ 
tion  of  the  unsaturated  liydrocarbons  take  place,  as  a  result  of  which 
their  content  in  the  gasoline  is  reduced  to  1  -  2$,  whereas  the  con¬ 
tent  of  aromatic  and  isoparaffinic  hydrocarbons  increases.  The  latter 
are  concentrated  in  the  head  gasoline  fraction  and  amount  to  90  —  95?S 
of  all  the  paraffinic  hydrocai*bons  in  the  gasoline.  The  tailings  are 
made  up  primarily  of  aromatic  iiydrocarbons.  It  is  for  this  reason,  un¬ 
like  in  the  case  of  direct-distillation  gasolines,  as  the  end  of  boil¬ 
ing  rises  for  catalytic-crackitig  gasolines  their  antiknock  properties 
show  virtually  no  impairment  (see  Pig.  110).  This  makes  it  possible  to 
obtain  gasolines  having  the  maximuit.  pemissible  (97-5?5)  gasoline  boil 
off  (l8o°).  The  presence  of  isoparaffinic  hydrocarbons  in  the  head 
portion  of  the  gasoline  Is  responsible  for  the  low  temperature  at  which 
lOjS  of  the  gasoline  boils  over  (56  —  60°),  and  the  pt'esonce  of  ai'o- 
matic  hydrocarbons  in  the  tailings  is  responsible  for  the  comparatively 


high  boll-off  temperature  for  90^  gasoline  (l45  -  158°). 


TABLE  63 

Group  Hydrocarbon  Composition  and  Properties  of 
Catalytic -Cracking  Gas  Oils  [10] 
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0,011 
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1]  Indicators]  2)  catalytic-cracking  raw  material] 
3)  paraffinic  basej  4)  naphthenic -aromatic  base; 


PO 

5)  density,  j  6)  fractional  composition;  7) 


start  of  boiling]  8)  end  of  boiling;  9)  viscosity; 

10)  acidity,  mg  KOH;  11)  cokabillty,  12)  sol¬ 
idification  temperature,  ‘^C;  13 )  group  hydrocar¬ 
bon  composition]  14)  aromatic;  15)  paraffinic;  I6) 
naphthenic;  17)  unsaturated;  18)  cetane  number. 

The  combination  of  Isostinictural  paraffinic  hydrocarbons  with 
aromatic  hydix}carbons  in  catalytic -cracking  gasolines  determines 
their  high  antiknock  properties  in  both  lean  and  rich  mixtures  (see 
Table  62). 

The  composition  and  properties  of  catalytic -cracking  gas  oils  are 
functions  of,  the  initial  cinide  and  the  process  regime  (Table  63). 

The  gas  oils  obtained  from  a  parafflnlc-base  crude  are  predom¬ 
inantly  made  up  of  paraffinic  hydrocarbons.  It  is  for  this  reason  that 
they  have  comparatively  high  solidification  temperatures.  Gas  oils  ob¬ 
tained  from  a  naphthenic -aromatic -base  crude  contain  a  las’ge  quart* 
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6  Yetwpoinjjpa  nmtHua.'C 

Pie.  113*  Group  hydrocarbon  composi¬ 
tion  of  narrow  catalytic -cracking 
gas -oil  fractions  from  heavy  Romash- 
kinskly  crude  petroleum  [1],  1) 

Naphthenic;  2)  isoparaffinic;  3) 
naphthenic -paraffinic  hydrocarbons; 

4)  aromatic  hydrocarbons;  5)  unsat¬ 
urated  hydrocarbons;  6)  boiling 
point,  oc. 

of  arcanabic  hydrocarbons,  predominantly  bicyclic.  Moreover,  among  the 
aromatic  hydrocarbons  in  the  catalytic -cracking  gas  oils,  unlike  the 
direct -distillation  gas  oils,  there  are  hydrocarbons  with  three  or 
more  rings r  For  example.  In  the  catalytic -cracking  gas  oil  froa\  the 
heavy  Romashkinsky  crude,  f  ^r  whose  ;•  arrow  fractions  the  group  hydro¬ 
carbon  composition  is  pi'esenlad  in  Fig.  113,  there  are  6. monocyclic 
artanatic  hydrocarbons,  30.2^  bicyclic,  11.8^  ti’icyclic,  and  14.3^5  poly¬ 
cyclic  [2]. 

Because  of  the  high  content  of  ai'omatic  hydrocarbons  in  the  cata¬ 
lytic  gas  oils  and  because  of  tl'o  high  "cyclicity''  [Tr.  note:  tsikllch- 
nost',  Russian  woi^d  indicating  the  number  of  rings  in  a  hydrocarbon]  of 
these  aromatic  hydro aaj’bons,  these  gas  oils  have  low  cetane  numbers. 
Hydrogenation  Products 
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Hydrogenation  gasolines  serve  as  base  fuels  for  the  production  of 


aviation  and  automotive  gasolines  or  are  used  directly  as  automotive 
gasolines.  The  higher -boiling  hydrogenation  products  are  used  as  base 
fuels  for  the  production  of  diesel  fuels  and  for  fuels  to  be  used  in 
Jet  engines. 

The  composition  and  properties  of  hydrogenation  gasolines  are 
functions  of  the  initial  raw  material,  the  conditions  of  the  process, 
and  the  temperature  limits  of  gasoline  removal.  Hydrogenation  gaso¬ 
lines  are  close  to  direct -distillation  gasolines  in  terms  of  the 
group  hydrocarbon  composition.  The  qu2mtlty  of  unsaturated  hydrocar¬ 
bons  in  the  hydrogenation  gasolines  does  not  exceed  1  -  2jS>  and  the 
content  of  aromatic  Ijydrocarbons  in  these  gasolines  does  not  exceed 
8  -  95^,  Therefore,  l^drogenation  gasolines  are  stable  in  storage  and 
have  a  low  pour  point. 

The  composition  and  properties  of  hydrogenation  products  boiling 
over  above  l80  —  205®  are  also  functions  of  the  nature  of  the  crude 
and  the  conditions  of  the  process. 

Cat aly  ti c -Re  forming  Pr oduc  ts 

Since  gasoline  or  light  llgroln  generally'  serves  as  the  raw  ma¬ 
terial  for  catalytic  informing,  only  gasoline  is  obtained  as  the  basic 
product  of  the  process,  and  this  gasoline,  depending  on  the  initial 
raw  material  used  as  the  catalyst  and  the  conditions  of  the  process. 

Is  used  either  as  a  base  or  commercial  automotive  gasoline  or  as  a 
component  in  this  commercial  automotive  gasoline,  or  as  a  component  in 
aviation  gasoline,  /iromatization  is  the  basic  reaction  of  the  process 
th6reroi*e.  In  catalytic -ref ortaing  gasolines  there  is  a  large  quantity 
of  aromatic  hydt*ocarbons,  attaining  $5%  (Table  64)  in  the  aviation- 
gasoline  coii^nent,  which  is  intended  for  the  production  of 
1X3/145  aviation  gasoline. 
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In  view  of  the  high  content  of  aromatic  hydrocarbons  (33  •”  '45*5^)# 
the  catalytic -reforming  products  used  for  the  production  of  automotive 
gasoline  exhibit  high  antiknock  properties;  the  octane  number  of  the 
end  gasoline  is  virtually  Independent  of  its  fractional  composition 
(see  Pig.  110)  and  is  only  slightly  dependent  on  the  octane  number  of 
the  Initial  raw  material. 

Synthesis  Products  from  Carbon  Monoxide  and  Hydrogen  (Water  Gas) 

TABLE  64 

Characteristic  of  Catalytic -Reforming  Gasolines 
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1)  Designation;  2)  fractional  composition;  3)  octane  number;  4)  motor 

method;  5)  density,  6)  start  of  boiling;  7)  end  of  boiling;  8) 

pressure  of  saturated  vapors,  at  38^,  mm  Mg;  9)  content  of  aromatic  hy¬ 
drocarbons,  10)  bromine  nuiinber;  11)  sulfur,  12)  without  TES  [TEL]; 
13)  with  0,8  ml/l  TES  (TEL);  14)  aviation  method,  with  1.3  ml/l  TES 
15)  I'ich-mixture  grade,  with  1.2  ml/l  [TEL];  16)  component 
of  115/145  aviation  gasoline;  17)  component  of  I00/130  aviation  gaso¬ 
line;  18)  automotive  base  (platforming);  19)  automotive  base  (movable 
catalyst);  20)  octai^e  numoer  (research  method);  21)  without  TBS  [TEL]; 
22)  with  0. 8  ml/l  TES  [TEL]. 


The  synthesis  products  from  carbon  monoxide  and  hydrogen  coiisisu 


primarily  of  paraffinic  and  oleflnlc  normal -structure  hydrocarbons. 

The  olefins  are  concentrated  In  the  low-bolllng  fractions.  The  total 
content  of  olefins  depends  on  the  conditions  of  the  process  and  the 
catalyst  employed.  With  an  Increase  In  pressure,  the  content  of  ole¬ 
fins  diminishes.  In  the  higher -boiling  fractions,  there  are  virtually 
no  olefins. 

Because  of  the  high  content  of  normal  paraffinic  hydrocarbons, 
the  gasolines  obtained  by  synthesis  from  carbon  monoxide  and  hydrogen 
have  low  octane  numbers  which  drop  sharply  as  the  end -of -boiling  of 
the  gasoline  rises  (see  Pig.  IIO).  Fractions  boiling  over  above  230  - 
240®  exhibit  extremely  high  solidification  temperatures  and  high  ce¬ 
tane  numbers. 

Despite  the  large  content  of  olefins,  synthesis  gasolines  unlike 
thermal -cracking  gasolines  are  stable  In  storage.  This  can  be  ex¬ 
plained  by  the  structure  of  the  unsaturated  compounds  contained  in 

\ 

these  gasolines. 

Because  of  low  antiknook  properties,  gasoline  obtained 
through  synthesis  from  carbon  monoxide  and  hydrogen  are  used  only  as  com¬ 
ponents  In  automotive  fuels.  The  higher -boiling  fractions  are  also 
used  only  as  components  of  diesel  fuels,  and  here  the  end-of -boiling 
of  these  fractions  must  be  restricted  to  230  —  260®  In  the  production 
of  winter  grades  of  diesel  fuels. 

FUEL  COMPONENTS 

Components  are  added  to  the  base  fuels  to  Improve  the  antiknook 
and  physlooohemloal  properties  of  the  fuels,  as  well  as  to  Increase 
fuel  supplies. 

Heavily  branched  paraffinic  hydrocarbons  or  their  mixtures  —  iso¬ 
pentane,  alkylate.  Industrial  isooctane -•  are  used  as  gasoline  co:?!?  ,  ..  - 
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knock  properties  of  the  components  in  the  aviation  and  automotive  gas¬ 
olines. 


During  the  production  of  aviation  gasolines,  the  components  are 
added  together  with  the  ethyl  fluid.  B-70  gasoline,  produced  in  com¬ 
paratively  limited  quantities,  is  an  exception.  Therefore,  given  the 
characteristic  of  the  components  used  in  aviation  gasolines,  their 
capacity  to  improve  the  antiknock  properties  of  the  base  gasolines  is 
considered  from  the  standpoint  that  ethyl  fluid  is  present.  The  anti¬ 
knock  effectiveness  of  the  automotive  components  is  presented  without 
consideration  of  ethyl  fluid. 

Aviation-Gasoline  Components 
Isoparaffin! c  hydrocarbons 

The  isoparafflnlc  hydrocarbons  used  as  components  differ  slgnlfi 
cantly  from  other  classes  of  Jiydrocarbons  in  terms  of  the  physico¬ 
chemical  properties  which  govern  the  operational  characteristics  of 
the  gasolines.  For  example,  these  have  the  gi'eatest  heat  of  ccaabustlon 
among  all  classes  of  hydrocarbons,  the  lowest  hygroscopicity,  density, 
surface  tension,  latent  heat  of  vaporisation,  and  viscosity. 

As  these  ( isoparafflnlc  hydrocarbons]  ax's  added  to  the  base  gas¬ 
olines  for  purposes  of  impi'ovlng  the  antiknock  pix)pertle8  of  the  lat¬ 
ter,  the  above -enumex*a ted  physioociaemical  px'operties  of  the  gasolines 
undex^o  ci'^nge  and,  consequently,  so  do  the  opex'ational  properties  of 
these  gasolines.  However,  with  a  slight  exception  due  to  the  fact  that 
the  direct-distillation  gasolines  contain  pi’liaarlly  only  pai'affinlc 
and  naptxUicniG  Siydix»oarbons,  and  considering  tixat  the  content  of  pa¬ 
raffinic  hydrocarbons  reaches  60  —  In  the  catalytic -process  gaso- 
lirsos,  these  changes  are  comparatively  insignificant.  Thei^  as^  more 
slgxxif leant  changes  in  such  physicochemical  ps^spertles  as  vapor  te  n¬ 
sion  and  the  fractional  composition.  In  this  case,  if  Uie  change 
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Key  to  Table  65:  1)  Designation;  2)  density,  ;  3)  fractional  com¬ 
position;  4)  antiknock  properties;  5)  start  of  boiling;  6).  solidifica¬ 
tion  temperature,  ^C;  7}  pressure  of  saturated  vapor  at  38°,  mm  Hg;  8) 
heat  of  combustion  (uppermost),  kcal/kg;  9)  surface  tension  at  20^, 

erg/cm"^;  lO)  latent  heat  of  vaporization,  kcal/kg;  11)  dynamic  viscos¬ 
ity  at  20°,  centipolses;  12)  octane  number  without  P-9  (motor  method); 
13;  octane  number  with  4  ml/kg  of  P-9#  14)  grade  with  4  ml/kg  of  P-9# 
in  rich  mixture;  15)  isopentane;  16)  technical  Isooctane;  17;  alky¬ 
late;  18)  benzene;  19)  pyrobenzene;  20)  toluene;  21)  ethyl  benzene; 

22)  isopropylbenzene;  23)  alkylbenzene;  24)  dlrect-dlstlllatlon  "head" 
25;  butane-butylene  fraction;  26)  alkyl  gasoline;  27)  "gas"  ga.sollne; 
28)  polymer  gasoline;  29)  penta-amylene  fraction. 


TABLE  66 

Fractional  Composition  and  Vapor  Pressure  of 
Gasolines  Containing  Isopentane 
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90%  B-70+10%  naonoBTtBa-T  .  585  77 
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14  K%  6cu3nna4-15%  itaonoHTana  45  67 

1580%  Cen3UBa-i-20%  naoncHTaiia  42  60.5 

lo  75%  6eu3nHa-f-25%  iwonenTaua  .  39  56 

/■ 

1)  Gasoline;  2)  fractional  composition;  3)  ' 

pressure  of  saturated  vapors,  at  38°,  mm  Hg; 

5)  B-70;  6)  95^  B-70  +  5^  Isopentane;  7) 

90^  B-70  +  10^  Isopentane;  8)  85^  B-70  + 

+  15^  isopentane;  9)  80^  B-70  +  20^  Isopentane; 

10)  75^  B-70  +  25;^  Isopentane;  ll)  base  gaso¬ 
line;  12)  95^  gasoline  +  5^  Isopentane;  13) 

90^  gasoline  +  10^  isopentane;  l4)  85^  gaso¬ 
line  +  15J^  Isopentane;  15)  80^  gasoline  + 

20^  Isopentane;  16)  75^  gasoline  +  255^  isopen¬ 
tane. 

the  heat  of  combustion  and  hygroscopic Ity  is  comparatively  a  weak 
function  of  the  nature  of  the  Isoparafflnlc  component  that  is  added, 
the  change  in  vapor  tension  and  fractional  composition  will  be  a  very 
strong  function  of  the  particular  component  that  has  been  added  to  the 
base  gasoline.  Any  change  in  the  antiknock  properties  of  the  base 


ollnes  Is  also  governed  by  the  natux’e  of  the  Isoparafflnic  component. 

Below  we  present  changes  in  the  most  important  physicochemical 
properties  of  base  gasolines  as  the  isoparaffinic  components  presently 
in  use  are  added  to  these  gasolines. 

Isopentane 

The  composition  of  industrial  isopentane  is  a  function  of  the 
care  exercised  in  the  rectification  process  employed  in  the  separation 
of  the  isopentane.  Generally,  the  content  of  the  Isopentane  (2 -methyl- 
butane)  in  the  industrial  product  ranges  between  8o  and  95/^j  and  the 
remaining  5  to  20f6  are  made  up  of  n -pentane  and  higher -boiling  hydro¬ 
carbons. 

As  can  be  seen  from  the  data  presented  in  Table  9j  Isopentane, 
having  a  high  octane  number,  has  a  low  boiling  point  and  extremely 
high  vapor  tension.  Its  grade  is  comparatively  low.  Isopentane  is  used 
when  it  is  necessary  simultaneously  to  Improve  tl:;e  octane  number  of 
the  base  fuel  and  the  volatility  of  the  base  fuel,  or  only  to  Improve 
the  volatility  (Table  66).  However,  because  of  the  high  vapor  tension, 
5  —  20$^  is  added. 

Industrial  Isooctane 

The  composition  of  industrial  Isooctane  is  not  constant  and  is  a 
function  of  the  composition  of  the  raw  material  used  for  polymeriza- 
_tipn,  as  well  , as  being  a  function,  of  the  catalyst  employed  and  the 
conditions  of  polymerization.  The  composition  of  Industrial  Isooctane 
determines  its  properties  as  well,  and  these,  as  can  be  seen  from 
Table  65,  vary  within  a  very  wide  range.  High  vapor  tension,  high  30^- 
boil-off  temperatures,  and  particularly  for  the  10^  product,  as  well 
as  comparatively  high  octane  numbers  and  relatively  low  grades,  are 
characteristic  of  industrial  isooctane. 

As  can  be  seen  from  Tables  67  and  68,  industrial  isooctane  sub- 
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TABLE  67 

Octane  Numbers  of  Gasoline  Mixtures  (with  3 
ml/kg  of  P-9)  with  Various  Industrial  Isooc¬ 
tanes  [11] 
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1)  Composition  of  mixture,  2)  Isooctane  9O; 
3)  Isooctane  100:  4)  Industrial  Isooctane;  5) 
base  gasoline;  6)  gasoline  with  the  following 
octane  number;  7)  gasoline  with  the  following 
octane  number. 


TABLE  68 

Grade  of  Base -Gasoline  Mixtures  with  Industrial 
Isooctane 
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96 

98 
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13 

41 
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98 

99 
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3 

14 

55 

31 
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1)  Base  gasoline;  2)  group  hydrocarbon- composi¬ 
tion;  3)  grade  with  4  ml/kg  of  P-9,  given  the 
following  isooctane  content,  in  4)  aromatic; 
5)  naphthenic;  6)  paraffinic. 


stantlally  Improves  the  octane  number  of  the  base  gasolines  and  has  a 
vei'y  weak  effect  on  grade. 

Alkylate 

Like  the  industrial  Isooctanej  the  alkylate  composition  is  not 
constant  and  is  a  function  of  the  catalyst  employed  in  the  alkylation 
of  the  unsaturated  hydrocarbon,  and  it  also  depends  on  the  condltl 


under  which  the  process  was  executed. 


Alkylate,  like  industrial  isooctane,  substantially  raises  the  oc¬ 
tane  number  of  the  base  gasolines  and  raises  the  grade  of  these  gaso¬ 
lines  only  slightly.  Alkylate  and  industrial  Isooctane  are  virtually 
identical  with  respect  to  the  change  they  exert  on  the  antiknock 
properties  of  the  base  fuels. 

Aromatic  hydrocarbons 

In  terms  of  their  physicochemical  properties,  aromatic  hydrocar¬ 
bons  are  quite  different  from  the  remaining  classes  of  hydrocarbons  in 
fuel  compositions..  They  have  higher  boiling  points,  density,  surface 
tension,  latent  heat  of  vaporization,  and  viscosity;  they  exhibit 

I 

great e_  hygroscoplcity,  they  have  a  more  pungent  odor,  and  also  ex- 
hiblt  more  pro".ounced  toxic  properties.  The  carbon -to -hydrogen  ratio 
in  vhese  hydrocarbons  is  the  greatest  and  as  a  result  the  mass  heat  of 
combustion  and  theoretical  air  flow  rate  for  total  (complete)  combus¬ 
tion  are  at  their  lowest. 

Some  of  the  aromatic  hj'‘drocarbons  have  high  melting  points  (ben¬ 
zene,  n-xylene). 

The  behavior  of  aromatic  hydrocarbons  is  unique  in  combustion  en¬ 
gines.  Their  combustion  is  accompanied  by  Increased  thermal  stresses 
in  the  engine  and  by  scale  formation,  as  a  result  of  which  autoignl- 
tion  of  the  fuel  takes  place.  Aromatic  hydrocarbons  are  sensitive  to 
the  temperature  regime  of  the  engine,  and  as  a  result  the  antiknock 
properties  of  these  hydrocarbons  are  Impaired  as  the  temperature  of 
the  working  mixture  or  coolant  rises.  All  aromatic  hydrocarbons  are 
completely  soluble  in  other  classes  of  hydrocarbons. 

Since  direct-distillation  and  hydrogenation  gasolines,  to  which 
aromatic  components  are  added,  primarily  consist  of  paraffinic  and 
naphthenic  hydrocarbons,  and  further  since  they  generally  do  not  con- 


tain  more  than  5  -  aromatic  hydrocarbons,  the  addition  of  the  lat¬ 
ter  brings  about  rather  pronounced  changes  in  the  physicochemical  and 
operational  properties  of  the  gasolines. 

1.  There  is  an  Increase  in  density,  viscosity,  and  surface  ten¬ 
sion  of  the  gasolines,  as  a  result  of  which  a  slight  change  in  the  op¬ 
erating  conditions  of  the  carburetor  takes  place  —  the  fuel-feed  is 
reduced  and  the  diameter  of  the  fuel  drops  Increases,  l.e. ,  fuel  atom¬ 
ization  and,  consequently,  fuel  vaporizablllty  are  impaired. 

2.  The  fractional  composition  of  the  gasolines  becomes  heavier 
and  as  a  result  there  is  a  reduction  in  the  degree  of  fuel  vaporiza¬ 
tion,  the  starting  properties  of  the  fuel  are  impaired,  as  are  the 
conditions  for  combustion  within  the  engine. 

3.  There  is  some  Increase  in  the  latent  heat  of  vaporization  of 
the  gasoline,  which  results  in  a  temperature  drop  across  the  fuel 
line,  the  latter  due  to  vaporization. 

4.  The  toxic  properties  of  the  gasoline  Increase  and  the  odor  of 
the  fuel  worsens. 

5.  In  a  number  of  cases,  there  is  an  increase  in  the  pour  point 
of  the  gasolines. 

f 

6.  There  is  a  change  in  the  quantity  of  air  theoretically  re¬ 
quired  for  complete  combustion,,  i.  e.  ,  there  is  a  change  in  the  compo¬ 
sition  of  the. working  mixture. 

7.  The  hygroscoplclty  of  the  gasolines  increases,  and  there  is  an 
Increase  in  the  associated  danger  of  the  settling  out  of  ice  crystals 
from  these  gasolines  at  low  air  temperatures. 

8.  The  tendency  to  scale  formation  and  the  appearance  of  autoig- 
nltion  increases. 

Consequently,  the  addition  of  aromatic  hydrocarbons  to  the  gaso¬ 
lines  in  order  to  Improve  the  antiknock  properties  of  the  gasolines 


brings  about  the  simultaneous  impairment  of  almost  all  the  operational 
properties  of  the  gasolines.  The  degree  of  impairment  is  determined  by 
the  quantity  of  aromatic  hydrocarbons  added,  and  by  the  nature  of 
these  hydrocarbons.  All  of  the  aromatic  hydrocarbons  do  not  impair  the 
operational  properties  of  the  gasolines  equally.  Below  we  present  a 
characteristic  of  the  aromatic  hydrocarbons  and  their  mixtures,  used 
as  aviation-gasoline  components. 

Benzene,  pyrobenzene 

High -purity- coal  and  petroleum  benzene  is  used  as  a  component  in 
aviation  gasolines.  When  benzene  is  added  to  gasolines,  the  antiknock 
properties  of  the  gasolines  are  Improved,  and  here  the  effect  is 
greater  in  the  case  of  a  rich  mixture  than  in  the  case  of  a  lean  mix¬ 
ture.  The  change  in  grade  through  the  addition  of  benzene  depends,  in 
great  measure,  on  the  chemical  composition  of  the  gasoline. 

The  octane  numbers  of  gasolines  containing  3  -  ^  ml/kg  of  ethyl 
fluid,  even  with  the  addition  of  40  -  50^  benzene,  increased  by  only 
2—3  units,  and  with  the  addition  of  15  -  20$^  benzene,  only  by  1  - 

2  units.  For  example,  the  octane  number  of  a  gasoline  containing 

3  ral/kg  ethyl  fluid,  after  the  addition  of  20$^  benzene,  increased  only 
from  86. 1  to  87. 5* 

Benzene,  as  a  rule,  is  used  in  the  production  of  B-70  gasoline, 
which  contains  no  etliyi  fluid.  However,  in  this  case  as  well  the  ad¬ 
dition  of  benzene  is  generally  restricted  to  5  -  lOjg,  since  any  fur¬ 
ther  increase  in  the  quantity  of  benzene  in  the  mixture  results  in  a 
pronounced  rise  in  the  pour  point  of  the  gasolines.  With  the  addition 
of  20^  of  benzene,  the  pour  point  of  the  gasoline  rises  to  -41.5  —  42° 
and  GxczedC'  the  permissible  limits. 

The  addition  of  benzene  lightens  the  fractional  composition  of 
the  gasol5.r;es,  particularly  of  the  50  and  90^  gasolines.  Depending  on 
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its  magnitude,  the  temperature  required  for  the  boiling  off  of  10;^  of 
a  gasoline  either  drops  or  rises  with  the  addition  of  benzene. 

Of  all  the  aromatic  components,  benzene  exhibits  the  least  heat 
of  combustion,  the  greatest  latent  heat  of  vaporization,  as  well  as 
the  highest  surface  tension,  viscosity,  and  hygroscopiclty;  the  latter 
undergoes  a  particularly  pronounced  increase  in  comparison  with  the 
nonaromatic  gasolines  as  the  temperature  rises.  Benzene  is  more  toxic 
than  other  aromatic  components,  and  it  is  more  sensitive  than  these 
other  aromatic  components  to  temperature  during  engine  combustion,  and 
it  has  a  greater  tendency  to  scale  formation.  Therefore,  when  benzene 
is  added  to  base  gasolines,  in  addition  to  a  rise  in  the  pour  point, 
the  most  pronounced  changes  (in  comparison  with  the  remaining  aromatic 
components)  in  the  above-mentioned  operational  properties  of  the  gaso¬ 
lines  take  place. 

In  addition  to  pure  benzol,  industry  also  produces  an  industrial 
mixture  —  pyrobenzene  (motor  benzol]  (see  Table  65) >  which  is  a  py- 
rolisis  product  and  consists  of  a  mixture  of  benzene,  xylenes,  and  the 
higher-boiling  aromatic  hydrocarbons  and  certain  quantities  of  unsat¬ 
urated  hydrocarbons  and  hydrocarbons  of  other  classes. 

Pyrobenzene  (motor  benzol]  comes  in  two  grades:  without  toluene, 
and  a  pour  point  of  -12°  and  a  lightened  grade,  l.o. ,  containing  a 
greater  percentage  of  benzene,  with  a  pour  point  of  0°,  Since  there 
are  up  to  10  —  15S6  hydrocarbons  of  other  classes  in  addition  to  the 
aromatic  hydix}carbons  In  pyi*obenzene,  the  antiknock  properties  of  the 
motor  benzol  itself,  as  well  as  of  its  mixtures,  are  lower  than  in  the 
V  ise  of  benzene*  The  pertnisalble  content  of  pyrobenzene  ranges  from 
15  to  20^,  since  If  It  wexNS  present  In  greater  quantities  Its  pour 
tjoint  would  exceed  the  permissible  limits  established  by  the  QCt'T 
(All-Union  State  Standards].  The  fractional  composition  of  the  base 
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gasolines,  given  this  pyrobenzene  content,  becomes  insignificantly 
heavier.  Other  operational  properties  are  impaired  to  a  somewhat  les 
ser  degree  as  a  result  of  the  addition  of  pyrobenzene,  than  would  be 
the  case  witn  the  addition  of  benzene. 

Toluene 

TABLE  69 

Change  in  Antiknock  Properties  of  Gasolines, 
with  the  Addition  of  Toluene 
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1)  Products;  2)  antiknock  properties  with 
A. 0  ml/kg  P-9;  3)  octane  number  with  a  tol¬ 
uene  content  of,  JS;  h)  rich -mixture  grade, 
with  a  toluene  content  of,  JS;  5)  mixture: 
85JS  Isooctane  +  15^  n«heptane;  6)  mixture: 
7055  isooctane  +  3C^  n-heptane;  7)  base  gas¬ 
oline  No.  1;  8)  base  gasoline  No.  2. 


TABLE  70 

Change  in  the  Fractional  Composition  of  Gas 
ollnes  with  the  Addition  of  Toluene 
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TABLE  70  (Continued) 
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l)  Gasoline,  by  weight;  2)  toluene.  $  by 
weight;  3)  fractional  composition;  4)  start 
of  boiling;  5)  base  gasoline  (No.  1);  6) 
base  gasoline  (No,  2). 

Toluene  Is  produced  Industrially  with  a  high  degree  of  purity, 
and  It  may  therefore  be  regarded  as  virtually  an  Individual  hydrocar¬ 
bon  (see  Table  65). 

Table  69  presents  data  on  the  change  In  the  antiknock  properties, 
and  Table  70  presents  data  on  the  change  in  the  fractional  composition 
of  various  gasolines  as  a  result  of  the  addition  of  toluene  to  these 
gasolines. 

As  can  be  seen  from  the  data  presented  In  Table  69,  toluene  Im¬ 
proves  the  gasoline  grade  more  effectively  than  It  does  the  octane 
number  of  the  gasoline. 

With  the  addition  of  toluene,  the  fractional  composition  of  the 
10  and  505S  gasolines  becomes  heavier.  The  boiling  range  of  the 
gasoline  fraction  rises  less  significantly.  The  boiling  temperature 
for  905^  gasoline,  with  the  addition  of  toluene,  naturally  drops  all 
the  more  markedly,  the  higher  the  tempera tui*e. 

Toluene  Is  used  primarily  to  Improve  the  antiknock  properties  of 
rich-mixture  gasolines.  The  remaining  operational  properties  of  gaso¬ 
lines  are  impaired  with  the  addition  of  toluene,  although  less  signif¬ 
icantly  than  in  the  case  of  benzene  being  added. 

Ethyl  benzene,  isopropylbenzene,  alkylbenzene 


Depending  on  the  composition  of  the  gas  employed  for  the  alkyla¬ 
tion  of  benzene,  and  also  depending  on  the  nature  of  the  catalyst 
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the  conditions  of  alkylation,  as  well  as  on  the  temperature  regime  and 
the  care  exercised  In  rectification,  either  almost  Individual  aromatic 
hydrocarbons  (ethyl  benzene,  isopropylbenzene)  or  mixtures  of  various 
alkylated  benzenes  (alkylbenzenes)  are  obtained.  The  properties  of  the 
benzene -alklylatlon  products  are  determined  by  their  composition  and 
vary  within  a  wide  range  (see  Table  65).  The  change  In  the  physico¬ 
chemical  and  antiknock  properties  of  the  base  gasolines,  resulting 
from  the  addition  of  alkylbenzene  to  these  gasolines,  is  a  function  of 
the  properties  and  the  composition  of  both  the  base  gasolines  and  the 
alkylbenzene.  Table  71  shows  data  on  the  change  in  the  fractional  com¬ 
position  of  various  base  gasolines,  resulting  from  the  addition  of 
various  compositions  of  alkylbenzes  to  these  gasolines. 

We  can  see  from  these  data  that  with  the  addition  of  alkylbenzene, 
there  is  a  pronounced  rise  in  the  temperature  at  which  the  10,  30,  and 
90JlS  gasolines  boll  off.  Depending  on  the  fractional  composition  of  the 
base  gasolines  and  the  alkylbenzene,  the  content  of  alkylbenzene  in 
commercial  gasoline  is  limited  to  5  ~  lOjC  and  a  maximum  of  15  -  25S6. 

With  the  addition  of  alkylbenzene  or  the  individual  aromatic  hy¬ 
drocarbons  of  its  components  to  the  base  gasolines,  the  antiknock 
properties  of  the  gasolines  are  improved  more  effectively  than  in  the 
case  of  benzene,  pyrobenzene,  or  toluene  being  added.  In  this  case  the 
effectiveness  of  the  aromatic  hydrocarbon  with  respect  to  improving 
the  grade  oi  the  base  gasolines  depends  on  the  magnitude  of  the  side 
chain  bound  to  the  aromatic  ring  and  in  particular  on  the  structure  of 
the  chain.  With  the  branching  of  the  side  chain,  the  effectiveness  of 
the  aromatic  hydrocarbon  rises  sliarply. 

The  capacity  of  the  alkylbenze  effectively  to  improve  the  anti¬ 
knock  properties  of  lean-  and  rich-mixture  bass  gasolines  makes  it 
possible,  despite  the  restrictions  on  the  addition  of  the  alkylbenzene, 
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TABLE  71 

Change  in  the  Fractional  Composition  of  Base 
Gasolines  with  the  Addition  of  Alkylbenzenes 
to  these  gasolines  [12  -  l4] 
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1)  Gasolinesj  2)  fractional  composition;  3) 
start  of  boiling;  4)  Ishimbay;  5)  Ishimbay  + 

4  alkylbenzene  No.  1;  6)  Oroznyy;  TJ^Groz- 
nyy  +  alkylbenzene  No,  2;  8)  ’’Ekstra”;  9)^ 

60^  "Ekstra"  4-  40$^  alkylbenzene  No.  2;  10) 

B-70;  11)  B-70  +  alkylbenzene  No.  3;  12)  B-74 
|asoline;  13)  60$^  B-7^  +  alkylbenzene  No. 

to  use  it  (the  alkylbenzene)  to  improve  the  antiknock  properties  of 
gasolines  simultaneously  for  both.  However,  in  addition  to  the  above- 
•nenl.loncHl  fact  that  the  fractional  composition  becomes  heavier,  the 
addition  of  alkylbenzene  impairs  the  remainir^  operatlotial  properties 
of  the  gasolines.  Particular  stress  should  be  placed  on  the  pungent 
and  unique  odor  of  alkylbenzene  whloh  is  also  Important  to  the  gaso¬ 
line,  even  if  the  alkylbenzene  is  added  in  only  small  quantities. 
Automolive-Qasollne  Components 


The  components  of  automotive  gasolines  are  examined  In  detail  l: 
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Pig.  Il4.  Change  in  octane 
numbers  in  the  case  of  gaso¬ 
line  mixing  (motor  method) 

[3]»  i)  Direct-distillation 
gasoline  with  thermal -crack¬ 
ing  gasoline;  2)  direct-dis¬ 
tillation  gasoline  with  cat¬ 
alytic-cracking  gasoline;  3) 
direct-distillation  gasoline 
with  catalytic -reforming  gas¬ 
oline;  4)  direct-distillation 
gasoline  with  polymer  gaso¬ 
line;  5)  direct-distillation 
gasoline  with  benzene;  6) 
thermal -cracking  gasoline  with 
catalytic -reforming  gasoline; 
7)  direct-distillation  gaso¬ 
line  with  isopropylbenzene;  8) 
direct-distillation  gasoline 
with  alkylgasoline;  9)  ther¬ 
mal-cracking  gasoline  with  al¬ 
kylgasoline;  10)  catalytic - 
cracking  gasoline  with  alkyl - 
gasoline.  A)  Octane  number 
(motor  method);  B)  components, 
^  by  weight. 


tions 

in  the  final  gasoline  product 


Chapter  17, 

Here,  however,  we  will  talce 
note  of  the  following.  As  direct- 
distillation,  thermal-  and  cata¬ 
lytic-cracking,  as  well  as  cata¬ 
lytic-reforming,  polymer-  and  alkyl 
gasoline  are  mixed,  no  significant 
change  in  the  fractional  composi¬ 
tion  is  observed.  With  the  addition 
of  spent  butane  butylene  and  penta- 
amylene  fractions,  and  the  addition 
of  Isopentane,  "gas*'  gasoline,  and 
the  head  fractions  of  direct -dis¬ 
tillation  gcisollne  to  the  enumer¬ 
ated  gasolines,  the  fractional  com- 
positior  of  the  latter  is  lightened 
and  the  pressure  of  the  saturated 
vapors  is  increased.  The  pressure 
of  the  saturated  vapors  experiences 
the  most  pronounced  increase  with 
the  addition  of  the  penta-amylene, 
and  particulai'ly,  with  the  addition 


of  the  spent  butane -butylene  frac- 
Thorefere  these  are  contained  in  quantities  not  exceeding  1  -  25^ 

In  case  the  tail  fx’actions  of  direct- 


distillation  gasoline  arc  added,  the  fractional  composition  of  the  gas¬ 
olines  becomes  heavier. 


The  anciknock  properties  of  automotive  gasolines  are  evaluated 
(estimated)  in  terms  of  octane  numbers  which  are  determined  either  by 
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the  motor  or  reseeirch  methods.  TOie  nature  of  the  change  occurring  in 
octane  numbers  as  a  result  of  the  mixing  of  automotive-gasoline  com¬ 
ponents  depends  on  the  group  hydrocarbon  composition  of  the  components 
and  the  amount  of  component  contained  in  the  mixture.  This  is  clearly 
demonstrated  by  the  data  shovm  in  Pig.  114. 

VIhen  mixing  direct  distillation  gasolines,  1.  e. ,  gsisollnes  con¬ 
sisting  of  parcifflnlc  and  naphthenic  hydrocarbons,  we  find  that  the 
octane  number  of  these  gasolines  changes  addltively.  In  mixing  dlrect- 
dlstlllation  gasolines  with  thermal-  and  catalytic -cracking  and  par¬ 
ticularly  with  polymer  gasolines,  1. e. ,  with  products  containing  un¬ 
saturated  hydrocarbons  or  consisting  of  unsaturated  hydrocarbons 
(polymer  gasoline)  we  find  that  the  octane  numbers  of  the  mixtures  are 
higher  than  those  calculated  in  accordance  with  the  rule  of  additiv¬ 
ity.  Conversely,  vdien  direct-distillation  gasolines  are  mixed  with 
components  consisting  primarily  of  such  aromatic  hydrocarbons  sis  ben¬ 
zene,  toluene,  xylenes  (pyrobenaene),  the  resultant  mixtures  have 
lower  octane  numbers  than  those  calculated  In  accordance  with  the  rule 
of  additivity*  In  adding  isopropylbenzene  to  direct -distillation  gas¬ 
olines,  we  find  an  additive  change  in  the  octane  numtar.  The  change  in 
the  octane  number  is  almost  additive  in  the  case  of  direct -distl na¬ 
tion  gasolines  mixed  with  catalytic-x'efol’ming  gasolines. 

When  alkylgasoline  is  mixed  with  direct-distillation  gasolines, 
thff  octane  numbers  of  the  mixtures  are  higher  than  those  calculated, 
and  when  alkylgasoUne  Is  mixed  with  thei'oial-  and  catalytic -cracking 
gasolines,  the  octane  number  is  lower  than  that  calculated. 

The  gi^teat  deviation  from  additivity  in  the  case  of  mixing  is 
observed  with  the  addition  of  a  small  quantity  of  a  high-octane  com¬ 
ponent. 
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Chapter  l4 

MOTOR-FUEL  ADDITIVES 

Additives  are  substances  added  to  a  fuel  in  small  quantities . to 
improve  its  operational  properties. 

At  the  same  time,  a  single  additive  may  have  a  complex  action, 
i.e..  Improve  not  one,  but  two  or  more  operational  properties  of  the 
fuel. 

One  or  more  additives  may  be  added  to  a  fuel  of  a  given  type.  As 
a  rule,  additives  are  mixed  into  the  fuel  in  quantities  ranging  from 
thousandths  to  hundredths  of  a  percent;  for  certain  types  of  fuels, 
additives  are  required  in  concentrations  reaching  1-2JI$  and  more. 

The  action  of  additives  is  based  on  their  participation  in  the 
mechanism  of  processes  that  take  place  when  the  fuels  are  used;  their 
concentrations  in  the  fuels  are  too  small  for  the  properties  of  the 
additives  to  be  added  to  those  of  the  fuels. 

The  general  specifications  [1]  set  forth  for  additives  reduce  to 
the  following:  1)  the  additives  must  be  effective  in  small  concentra¬ 
tions;  2)  they  must  burn  completely  without  formation  of  deposits  on  the 
engine's  components;  3)  they  may  not  have  a  detrimental  influence  on 
any  properties  of  the  fuels;  they  must  be  thoroughly  soluble  in  the 
ftiel  and  its  components  and  only  slightly  soluble  in  water;  3)  they 
must  be  stable  (not  decompose)  under  operational  conditions;  6)  they 
must  be  plentifully  available  and  their  cost  must  not  be  high. 

At  the  present  time,  the  use  of  fuel  additives  Is  a  particularly 
Important  factor  in  view  of  the  increased  demsmd  for  fuels  and  the 


"harder"  conditions  under  which  they  are  used  in  the  engines. 


Additives  enable  us  to  produce  a  fuel  conforming  to  the  demands 
of  the  contemporary  engine  from  second-quality  raw  materials,  which 
the  industry  is  obliged  to  use  in  order  to  meet  the  growing  demand  for 
fuel.  Additives  have  already  come  into  commercial  use  to  improve  com¬ 
bustion  of  fuels,  raise  its  chemical  stability,  lower  its  corrosive 
activity,  reduce  scale  formation,  and  improve  the  properties  of  the 
fuels  at  low  temperatures;  dispersing  and  other  additives  are  also  em¬ 
ployed. 

Research  and  tests  on  new  types  of.  additives  are  being  conducted; 
these  include  raultlfimctlonal  and  mixed  additives,  use  of  which  is  ac¬ 
quiring  great  importance. 

ADDITIVES  THAT  IMPROVE  THE  MOTOR  PROPERTIES  OP  FUELS 

These  additives  include  substances  added  to  the  fuel  to  improve 
the  actual  combustion  process  of  the  fuel  in  the  engine.  Antiknock 
compounds,  which  belong  in  this  group  of  substances,  are  considered  in 
a  special  chapter  as  additives  that  have  come  into  particularly  wide¬ 
spread  use. 

Additives  that  Improve  Combustion  of  Diesel  and  Jet  Fidels 

Additives  that  accelerate  the  pi'eflame  oxidation  of  the  fuel  are 
used  to  improve  combustion  of  fuel  in  diesel  engines.  Certain  nltro 
and  peroxide  compounds  have  been  found  most  effective  for  tills  purpose 
(Table  72). 

Other  additives  that  may  be  used  to  improve  cetane  number  are  car¬ 
bamates  {e.s*»  isopropylmethylnitrocarbamate )  and  certain  compounds  of 
metals  (or  •x&aple,  sodium)  [22],  The  first  amounts  of  additives 
rfiJse  the  cetane  number  more  than  do  subsequent  amounts,  although  the 
opwdiauHi  additive  concentration  is  slather  high  (from  0.1  to  1-2^  by 
vn]*ane). 
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TABLE  72 

Increase  in  Cetane  Number  of  Diesel  Fuels 
Achieved  by  the  Use  of  Certain  Additives 


1  npnc«ARa 
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19,7 

14,4 

5.1  < 
3.8- 
19,0 
19.0 
23,0 

17.6  , 
203 
133 

16.7 
16,7 
203 

16.1 
153 

.  73 
33 


1|  Additive;  2)  cetane  number  of  fuel; 

3)  additive  concentration,  JlS;  4)  Increase 
in  cetane  number  on  addition  of  additive; 
5)  sec -»nl tropropane ;  6)  dlnitropropane; 

7)  nTErobutane;  8)  nitrooctane;  9)  ethyl 
nitrate;  10)  butyl  nitrate;  11)  amyl 
nitrate;  12)  hexyl  nitrate;  13)  octyl 
nitrate;  14)  nonyl  nitrate;  15)  ethyl 
nitrite;  16)  Isoamyl  nitrite;  17)  butyl 
peroxide;  lo)  heptyl  peroxide;  19)  di- 
tert~butyl  peroxide;  20)  n-dlbutyl  ether; 
2l)  acetaldehyde. 


Apart  from  raising  the  fuel's  cetane  number,  these  additives  facil¬ 
itate  starting  of  the  engine,  which  is  of  very  great  importance  when 
the  engine  is  operated  during  the  winter. 

The  effects  of  additives  depend  on  the  chemical  composition  of 
the  fuel:  direct -distilled  fuels  are  more  sensitive  to  additives  tht^n 
fuels  obtained  by  cracking  (Ij.  Thus,  for  example,  addition  of  0.25J^ 
by  volume  of  amyl  nitrate^  raises  the  cetane  number  of  a  direct-dis¬ 
tilled  fuel  by  7  units,  while  that  of  a  fuel  obtained  by  catalytic 
cracking  is  raised  only  by  3  units  [22],  This  additive  is  stable  and 


safe  for  storage,  and  is  <iuite  effective  [4,  5). 
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During  storage  of  fuels  with  certain  ad¬ 
ditives  used  to  raise  cetane  number,  a  subse¬ 
quent  drop  in  cetane  number  was  observed  (Pig. 
115),  since  additives  of  this  type  are  active 
compounds  and  have  inadequate  chemical  sta¬ 
bility  [3]*  Consequently,  not  all  effective 
additives  are  in  commercial  use. 

For  domestic  diesel  fuels,  the  use  of 
additives  to  raise  cetane  number  is  not  of 
great  importance,  since  relatively  small 
amounts  of  low-cetane  fuels  are  produced. 

However,  addition  of  such  additives  (for 
example,  alkyl  nitrate)  to  winter-grade  diesel 
fuels  (with  cetane  numbers  lower  than  45-48) 
la  recommended,  particularly  In  view  of  their 
beneficial  Influence  on  engine  starting. 

Complete  combustion  of  the  fuel,  stability  of  the  flame  with  the 
engine  operating  under  various  conditions,  and  minimum  scale  formation 
is  required  for  Jet-engine  fuels. 

These  combustion  characteristics  of  the  i’uel  depend  chiefly  on 
the  design  features  of  the  engine,  but  they  are  determined  to  a  con- 
sidei'able  degree  by  fuel  quality  as  well. 

In  recent  years,  broad-scale  research  lias  been  under  way  to  Im¬ 
prove  combustion  of  Jet-engine  fuels  by  use  of  additives  to  them. 

Complete  combustion  of  Jet  fuels  and  reduced  soalijig  are  achieved 
by  addition  of  additives  of  the  sams  type  as  used  to  Improve  oombus- 
iioj!  of  diesel  fuels.  Thus,  for  example,  combustion  of  a  high-aromatic 
luei  .as  Improved  considerably  by  addition  of  organic  peroxides  [1.', 


Fig.  115.  Change  in 
cetane  number  of 
fuel  during  storage 
after  elevation  of 
cetane  number  with 
additives  [?]•  l) 
Diesel  fuel  with 
nltrocarbamldej  2) 
same  fuel  with  per¬ 
oxide  additive;  3) 
same  fuel  with, 
nitrates;  4)  same 
fuel  with  nltroparaf- 
fins.  a)  Cetane  num¬ 
ber;  B)  storage  time, 
days. 


C<.i'taiu  sulfur  compeunds  have  been  proposed  for  this  same  pui’puse; 


thlophenol  pitch  and  tertiary  butyl thiophene  [1]. 

Diethyl  ether,  propylene  oxide  and  nitrobenzene,  ethyl  nitrate, 
and  ethyl-  and  amyl  nitrites  in  high  concentrations  (up  to  5^)  have 
been  found  effective  in  inhibiting  self-ignition  of  kerosene  [1]. 

Combustion  catalysts  are  added  to  the  fuel  to  Improve  oombustlon; 
these  are  chiefly  organic  compounds  of  metals  —  copper,  iron,  chromium, 
cobalt,  nickel  or  manganese  —  that  are  soluble  in  the  fuel  [22].  The 
introduction  of  such  additives  into  the  fuel  may  also  produce  lande- 
slrable  consequences  —  lowered  chemical  stability  of  the  fuel,  in¬ 
creased  ash  content,  and  so  forth  [22].  Most  promising  as  additives 
for  jet -engine  fuels  are  those  of  the  peroxide  type  and  the  allQrl 
nitrates. 

Additives  that  Reduce  Scaling  in  Engines 

Scaling  in  an  engine,  which  depends  on  fuel  quality,  can  be  re¬ 
duced  by  the  use  of  certain  additives.  "Antlscaling"  additives  are 
used  basically  with  automobile  ethylated  gasolines  and  diesel  fuels. 

Compounds  containing  phosphorus  or  boron  [6,  1]*  have  come  into 
most  widespread  use  as  additives  to  ethylated  automobile  gasolines. 
These  additives  react  with  the  lead  compounds  that  fom  the  basic  part 
of  the  scale  on  combustion  of  ethylated  gasoline,  and  form  chemical 
ctmipounds  with  lead  that  possess  completely  different  properties. 

For  example,  a  compound  of  phosphorus  with  lead,  Pb2(POjj)2,  re¬ 
mains  nonconductive  at  high  temperatures,  while  the  conductivity  of 
the  iead-and-broraine  that  forms  part  of  the  scale  (Pb,  Brg)  [sic]  drops 
sharply  even  at  moderate  temperatures.  It  is  this  that  accounts  for 
the  Improved  operation  of  spark  plugs  when  phosphorus  additives  are 
added  to  gasoline  [8],  The  practical  effect  of  using  such  additives 
may  be  Illustrated  by  the  following  examples.  Addition  of  a  phosphorus 
additive  (trlcresyl  phosphate)  to  gasoline  made  it  possible  to  more 


than  double  the  service  lives  of  the 


plugs  without  short-circuiting  of  the 
electrodes  (Pig.  116)  [9], 

When  eight  autoiroblle^j  were  road^ 
tested,  it  was  established  that  the  mile 
age  without  fouling  of  spark  plugs  can 
be  Increased  by  70  to  150^  when  phos¬ 


Plg.  116.  Influence  of 
phosphorus  additive  on 
change  in  spark-plug  re¬ 
sistance  as  a  function  of 
test  time  [9].  1)  Ethyl¬ 
ated  gasoline  without  ad¬ 
ditive;  2)  ethylated  gas¬ 
oline  with  tricresyl  phos¬ 
phate  additive  (plug 
works  satisfactorily 
while  its  resistance  re¬ 
mains  above  the  level  in¬ 
dicated  by  the  broken 
line).  A)  Plug  resistance, 
megohms;  B)  test  time, 
hours. 


phorus  additives  are  used  with  the  gaso¬ 
line. 

When  an  engine  has  been  operated 
for  a  long  time,  its  gasollne-octane- 
ntimber  requirements  usually  rise;  when  a 
gasoline  with  phosphorus  additives  is 
employed,  this  Increase  in  octane  re¬ 
quirement  is  negligible. 


TABLE  73 

Variation  in  Engine's  Octane  Re¬ 
quirement  After  Engine  had  Op¬ 
erated  on  Gasoline  Without  Addi¬ 
tives  and  with  Phosphorus  Addi¬ 
tive  [40] 


1 

AbtowoSui 

2  TpeSyraw  oktakobo* 

'HIC.IO  TOtinnHA  ItOC.IB 
paGow  UA  CeuAUiie 

5 

CunwrtuA 

TpcOyeMoro 

3 

apUCAAKd 

4c  ^$OpKO& 

UpUCAAKOi 

<UCAA 

1 

90 

03 

2 

i 

90 

80 

4 

3 

92 

80 

0 

4 

94 

90 

4 

S 

94 

so 

8 

6 

90 

63 

6 

1 

96 

90 

0 

8 

94 

C 

a 

1)  Vehicle;  2)  required  fuel  oc¬ 
tane  number  after  operation  on 
gasoline;  3)  without  additive;  4) 
with  phosphorus  additive;  5)  re¬ 
duction  of  required  octane  number. 


Road  tests  ruii  with  motor  vehicles  indicated  that  after  an  engine _ 

has  operated  on  a  gasoline  containing  phosphorus  additives,  it  can  run  p'-y 

on  a  fuel  with  an  octane  number  2-8  units  lower  than  after  operation 

on  a  gasoline  without  additives  (Table  73 )•  i,-. 


The  ability  of  phosphoms  additives  to  prevent  premature  self- 


Ignltion  of  the  mlxtxire  is  accounted  for  by  the  fact  that  the  complex 


compounds  of  phosphorus  and  lead  that  formed  produce  almost  no  lower¬ 


ing  of  the  ignition  temperature  of  carbon,  while  the  lead-bromine  com¬ 


pounds  (which  form  in  the  absence  of  additives)  reduce  it  considerably 

[10]. 


Fig.  117.  Influence  of  boron- 
containing  additives  on  re¬ 
quired  gasoline  octane  number 
[11].  1)  Without  additive;  2) 
with  butyl  boron  additive;  3) 
experiment  continued  without 
additive.  A)  Required  octane 
number;  B)  hours  of  operation. 


Thus,  the  self -ignition  temperatures  of  the  deposits  are  as  fol¬ 


lows; 

carbon  (carbon  black) . . . .  500® 

carbon  and  lead-bromine  compounds . . .  200-300® 

carbon  and  lead-phosphorus  compounds. . . .  350-470® 


*  For  this  reason,  the  scales  cannot  act  as  self-ignition  sources 
when  phosphorus  additives  are  used  [10]. 

In  road  tests  of  an  engine  operatliig  on  a  gasoline  with  a  phos¬ 
phorus  additive,  the  number  of  cases  of  premature  ignition  was  half 
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that  observed  In  operation  of  the  engine  on  a  gasoline  without  addi¬ 
tives. 

The  action  of  the  boron-containing  additives  is  accounted  for  in 
terms  of  suppression  of  the  catalytic  effect  of  the  scale  on  the  pre¬ 
flame  processes.  In  the  absence  of  TES,  such  additives  are  Ineffective 
[1]. 

Research  Indicates  that  the  addition  of  0.04^  of  a  boron-contain¬ 
ing  additive  to  gasoline  is  equivalent  to  increasing  the  TES  concen¬ 
tration  from  1.07  to  1.4  ml/kg.  The  effect  of  adding  a  alkyl-boron  ad¬ 
ditive  (butyl  boron)  may  be  seen  from  Fig.  117  [11].  When  an  alkyl- 
boron  additive  was  used,  cases  of  premature  self-ignition  were  reduced 
by  almost  half  and  the  total  quantity  of  scale  diminished. 

A  rather  large  number  of  different  compounds  have  been  studied  as 
antiscaling  additives;  these  include  tributyl  phosphite,  trlmethyl 
phosphite  or  phosphate,  chloropropyl  thlophosphate,  cyclic  phosphate, 
trlalkyl  phosphines,  alkylaryl  thlophosphates  or  thlophosphltea,  alkyl- 
boric  acids  or  their  esters,  polyglycol  esters  of  boric  acid  or  esters 
of  the  lower  alcohols,  glycol  borates,  etc.  [23]. 

Two  additives  that  are  produced  under  the  trade  names  ICC  (Ethyl 
Corporation)  [12]  and  ICA  (Shell)  [8]  have  become  the  chief  additives 
used  commercially  in  the  USA. 

The  ICC  additive  contains  basically  chloropropyl  thlophosphate. 

It  may  be  used  in  concentrations  of  0.014^  by  volume  with  a  TES  con¬ 
tent  of  0.05^  by  volume  in  the  gasoline. 

The  ICA  additive  -  trloresyl  phosphate  (CH2CgH^0)nP0^  -  is  an  or¬ 
ganic  ester  of  phosphoric  acid.  In  Germany,  this  additive  la  produced 
the  trade  .name  TCP  [S],  It  is  used  In  the  same  concentrations  as 
the  tliioclilorophospliate  additive. 

A  reduction  in  scaling  in  automobile  engines  Is  also  achieved 
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additive,  the  qimntlty  of  scale  on  the  nozzles  v/as  reduced  and  the  con¬ 
dition  of  the  valves  Improved  [16]. 

The  amounts  of  scale  and  smoke  formed  were  also  reduced  when 
acetylacetone  compounds  of  metals  (iron,  cobalt)  were  used  as  addi¬ 
tives;  these  were  added  to  diesel  fuel  in  quantities  from  0.03  to  0.04^ 
(on  the  metal)  [l4]. 

Increased  scaling  when  high-sulfur  diesel  fuels  are  used  is  one 
of  the  most  serious  operational  difficulties,  and  one  that  can  be  elim¬ 
inated  to  a  considerable  degree  by  the  use  of  special  fuel  additives 
{ see  page  434 ) . 

ADDITIVES  THAT  IMPROVE  CHEMICAL  STABILITY  OP  FUELS  UNDER  OPERATIONAL 
CONDITIONS 

Additives  of  this  type  are  most  widely  employed  in  fuel  applica¬ 
tions.  Additives  that  Improve  the  chemical  stability  of  fuels'  under 
operating  conditions  Include  substances  added  to  the  fuel  to  Inhibit 
the  oxidation  processes  that  take  place  under  conditions  of  prolonged 
storage  ajid  in  the  engine's  fuel  system,  to  suppress  the  catalytic  ac¬ 
tion  of  active  metals,  which  accelerate  these  processes,  to  disperse 
insoluble  oxidation  products  and  prevent  formation  of  these  products 
in  the  fuel;  they  also  Include  compounds  that  perform  several  func¬ 
tions. 

ItUUbltlon  of  Fuel  Oxidation  Under  Conditions  of  Storage  and  in  Engine 
"Fuel  System 

Chemical  changes  caused  by  oxidation  of  unstable  components  take 
place  in  the  fuels  during  transportation,  pumping  and  prolonged  stor¬ 
age.  Although  these  changes  exert  only  a  secondary  influence  on  the 
actual  a«otox'  properties  of  the  fuels  their  heats  of  combusticn,  oc- 
uine  or  cetane  numbers  —  they  may  sliai’ply  reduce  the  usefulness  of  the 
■\.ei  In  an  ei^glne,  since  the  oxidation  products  Interfere  with 
op'-uatlon  of  the  fuel  system.  Lei  fuels  that  are  by  nature  particui.  . 
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unstable  chemically,  the  consequences  of  oxidative  processes  are  even 
more  serious,  and  such  fuels  cannot  be  used  without  chemical  stabiliza¬ 
tion. 

Antioxidants  are  added  to  fuels  to  inhibit  oxidation  processes 
[1].  They  are  introduced  into  the  fuel  In  hundredths  or  thousandths  of 
a  percent.  The  antioxidants  break  the  chains  of  oxidation  reactions  In 
the  fuel.  They  may  react  with  hydrocarbon  or  active  peroxide  radicals, 
as  well  as  hydroperoxides,  with  formation  of  nonactive  radicals  that 
are  incapable  of  perpetuating  the  oxidation-reaction  chain.  In  contrib¬ 
uting  to  conversion  of  the  active  compounds  into  stable  sta.tes,  they 
prevent  the  development  of  chains  and  slow  down  the  entire  oxidation 
process. 

The  development  of  oxidation  processes  in  a  fuel  containing  an 
antioxidant  takes  place  only  after  the  additive  has  been  exhausted. 

Depending  on  the  chemical  composition  of  the  fuel  and  the  condi¬ 
tions  under  which  it  is  used,  a  given  antioxidant  may  show  varying  ef¬ 
fectiveness,  since  the  relative  activity  of  the  interacting  radicals 
may  change  [171.  example,  certain  antioxidants  that  provide  good 
stabilization  for  unsaturated  iXiels  are  ineffective  in  direct-distilla¬ 
tion  gasolines  containing  tetraethyl  lead.  Certain  antioxidants  that 
stabilize  gasolines  are  unsuitable  for  kerosenes  and  diesel  fuels  Cl8]j 
additives  that  retard  oxidation  of  fuels  at  storage  temperatui'os  are 
not  effective  at  elevated  temperatures  in  the  fuel  system  of  an  engine 
[191. 

A  large  number  of  substances  belonging  to  various  chemical  classes 
have  been  studied  as  potential  antioxidants ;  many  active  compounds 
have  been  found,  particularly  among  the  plienols,  amlnophenols,  alkyl 
phenols  and  alkylaminophenols,  as  well  as  among  certain  sulfur-contain¬ 
ing  substaiices  [l].  At  the  present  time,  specific  compounds  and  tech- 


nlcal  products  (Table  74)  have  come  into  use  for  fuels  of  vai’ious  types 
in  domestic  and  foreign  fuel-stabilization  practice. 

Alkyl  phenols  (Table  74)  are  general-purpose  antioxidants  suit¬ 
able  for  fuels  of  all  types.  They  are  quite  soluble  in  fuels,  stable 
in  hydrocarbon  media  at  various  temperatures,  and  practically  insol¬ 
uble  in  water.  The  only  shortcoming  of  these  antioxidants  Is  the  high 
concentration  required  in  the  fuel. 

Aminophenols.  (Table  74).  N-n-butyl-p-aminophenol  is  particularly 
recommended  in  the  USA  for  unsattirated  fuels,  but  is  also  permitted  by 
the  standards  for  ethylated  aviation  gasolines  and  Jet  fuels;  it  is 
produced  in  alcohol  solution  (50-52^  of  solvent).  :t  is  not  used  in 
domestic  practice  for  stabilization  of  fuels. 

Phenyl-jg-aminophenol  is  an  extremely  good  domestic  antioxidant 
for  ethylated  aviation  gasolines,  and  one  that  is  effective  in  very 
low  concentrations;  it  is  also  recommended  for  automobile  gasolines 
(but  higher  concentrations  are  required  for  them)  end  Jet  fuels.  Its 
shortcoming  is  solubility  in  water  at  elevated  temperatures  and  poor 
solubility  in  fuels  with  higher  molecular  weights. 

Amines  (Table  74).  Derivative  of  jg-phenylenedlamlne;  recommended 
for  fuels  containliig  cracking  products,  but  permitted  by  USA  standards 
for  aviation  gasolines  and  Jet  fuels.  The  deficiencies  of  the  antiox¬ 
idant  ai'e  its  toxicity  and  Instability  in  storage.  It  is  not  used  in 
domestic  practice. 

Polyphenols  (Table  74).  Antioxidants  of  this  type  are  used  on  a 
limited  scale;  they  are  not  suitable  for  stabilization  of  ethylated 
di:*«ot«di8tilled  fuels.  The  ooim&srcial  antioxidants  are  technical  prod.. 

in  which  the  content  of  active  component  is  sometimes  less  than 

For  this  sMiason,  and  also  as  a  result  of  their  relatively  low  ef- 
foctlvcncss,  they  are  used  la  conaiderably  higher  coticentrations 


the  individual  oompountis  exmnlned  aHova. 


Wood  tar  distillates  were  some  of  the  first  commercial  antiox¬ 
idants  and  are  in  use  to  this  day  for  stabilization  of  automobile  gas¬ 


olines  and  tractor  kerosenes.  Oocdinary  antioxidant  types  are  less  ef¬ 
fective  in  kerosenes.  Unproved  wood  tar  additives  ("pyrolyzate  inhib¬ 
itor  preparation”)  are  also  satisfactory  in  kerosenes,  including  avia- 
tlcn  kerosenes. 


Fig.  116.  Influence  of  hy¬ 
drocarbons  on  mercaptan 
oxidation  rate  in  pres¬ 
ence  of  antioxidant  (butyl 
mercaptan)  [21).  1)  Sat¬ 
urated;  2)  alkylaroraatic; 
3)  olefins.  A)  Mercaptan- 
sulfur  content,  g/lOO  ml; 
B)  time,  hours. 


Pig.  120.  Influence  of  anti¬ 
oxidant  on  oxidation  rate  of 
butyl  taereaptan  in  olefins 
(211.  1)  Without  antioxi- 
dsjnt;  2)  with  antioxidant. 
a)  Kas^captan-sulfur  content, 
g/lCO  ml;  B)  ti^so,  hours. 


Pig.  119.  Influence  of  mer¬ 
captan  structxire  on  rate  of 
their  oxidation  in  the  pres¬ 
ence  of  antioxidant  (in  ole- 
finic  hydrocarbons)  (21). 

1)  Tertiary;  2)  secondary; 

3)  primary;  4)  aromatic.  A) 
Kercaptan-sulfin:*  content, 
g/100  ml;  B)  time,  hours. 


Antioxidants  based  on  coal-tar 
polyphenols  (PCh-l6,  PCh-4)  are  con¬ 
siderably  more  effective, 

A  shortcoming  of  tiiese  antioxi¬ 
dants  (as  for  the  aminos  and  amino- 
l^enols)  is  their  limited  solubility 
in  fuels,  and  particularly  in  the 
higii-molecular -weight  fractions  (IccrO' 
senes,  diesel  fuels). 


V-  •' 


u:- 


Antioxidants  are  added  to  the  fuel  at  tlio  refineries  directly  dur¬ 


ing  ‘Production,  before  oxidation  products  have  had  time  to  accumulate 
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l)  Antioxidant;  2)  chemical  formuJa  of  active  component;  3)  tjrpical 
concentrations,  ^  by  weight;  4)  physical  properties;  5)  external  ap¬ 
pearance;  6)  density,  g/cm^;  7) . temperature,  °C;  8)  boiling;  9)  melt¬ 
ing;  10)  flash;  ll)  molecular  weight  of  active  component;  12)  range  of 
application;  13)  alkyl  phenols;  14)  2 , 6-dl-tert-butyl-4-me thyl-p -phenol 
(lonol,  topanol  o,  DuPont  29);  15)  white  or“lIght  yellow  crystals;  l6j 
automotive  gasolines,  aviation  gasolines,  Jet  fuels;  17)  2,4-dlmethyl- 
6-tert-butyl-p-phenol  (topanol  A);  18)  pale  yellow  liquid;  I9)  same; 

20)  amlnophenols;  21)  phenyl -p-aminophenol  {^-hydroxydiphenylamine ) ; 

22)  light  gray  powder;  23)  aviation  gasolines,  automobile  gasolines; 

24)  N-n-butyl-e-amincphenol  (UOP  4*),  DuPont  5,  tenamen  l) ;  25)  liquid; 
26)  chiefly  gasolines  and  aviation  fuels;  27)  amines;  28)  NN'-dl-sec- 
butyl-p-phenylenedlamlne  (UOP  5»  DuPont  22,  tenamen  2,  topanol  M);  29) 
red  liquid;  30)  recommended  for  aviation  kerosenes;  chiefly  for  fuels 
containing  cracking  products;  for  Improvement  of  sulfur -containing  gas¬ 
olines;  aviation  gasolines;  31)  polyphenols;  32)  phenols  from  coal  tar; 
FCh-l6,  PCh-4;  33)  mixture  of  polyphenols;  34)  dark  brown  liquid;  35) 
4056  below  220,  90^  above  270;  36)  automotive  gasolines,  tractor  kero¬ 
senes;  recommended  for  aviation  kerosenes;  37)  phenols  from  wood  tar 
(wood  tar  antioxidant  B,  UOP-l) ;  38)  mixture  of  polyphenols  and  their 
ethers;  39)  same;  40)  automobile  gasolines,  tractor  kerosenes. 


In  it.  When  this  is  done,  the  effect  of  the  antioxidant  is  maximal, 
since  the  additive  is  not  consumed  unproduct Ively  in  reactions  with 
oxidation  products  that  have  already  formed  from  the  fuel.  The  period 
of  effectiveness  of  an  antioxidant  introduced  into  a  fuel  may  be  pro¬ 
longed  by  addition  of  new  doses  of  antioxidant  during  storage  of  the 
fuel,  in  the  stage  when  the  initial  dose  of  antioxidant  has  not  yet 
been  fully  exhausted  (!].  The  addition  of  antioxidant  in  fuel  storage 
be  effected  by  continuous  injection  of  small  quantities  of  anti¬ 
oxidant  (a  slowly  soluble  substance  is  placed  in  the  layer  of  fuel)  or 
by  periodic  injection  of  the  entitle  prescribed  dose  [1]. 

A  special  region  of  application  of  certain  antioxidants  is  their 
use  to  improve  gasolines  containing  mercaptans  ('‘sweetening")  [21], 

It  has  been  found  in  recent  years  that  the  antioxidant  NK‘-di- 
seo-butyl-p-phenylenediamine  accelerates  oxidation  of  mercaptans  to 
disulfides  and  sulfides  at  moderate  temperatures.  Here  the  antioxidant 
takes  the  role  of  a  catalyst  and  is  not  itself  lised  up,  so  that  it  is 
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not  necessary  to  introduce  additional  antioxidant  to  guarantee  chemical 
stability  of  the  gasoline. 

Sulfur-containing  gasolines  are  improved  by  the  use  of  antioxidant 
at  temperatures  from  20  to  45®,  depending  on  the  type  of  gasoline.  The 
gasoline  is  first  washed  with  alkali  (in  one  or  two  stages)  and  then 
dosed  with  the  NN* -dl-sec-butyl-p-phenylenedlamine .  after  which  air  is 
passed  through.  Sometimes  the  air  dissolved  in  the  gasoline  is  suffi¬ 
cient  to  oxidize  the  mercaptans,  and  it  is  not  necessary  to  supply  ad¬ 
ditional  air.  The  process  is  completed  by  the  time  the  gasoline  has 
passed  through  the  factory  tanks  (approximately  one  day). 

In  the  presence  of  unsaturated  hydrocarbons,  the  mercaptans  oxi¬ 
dize  more  readily  (Pig.  Il8),  so  that  thermal-cracking  and  catalytic- 
cracking  gasolines  are  sweetened  better  by  the  antioxidant  than  are 
direct-distilled  gasolines. 

The  rate  of  oxidation  depends  on  the  type  of  mercaptans  (Pig,  119) 
aromatic  mercaptans  oxidize  most  easily. 

The  catalytic  action  of  the  antioxidant  may  be  seen  in  the  exam¬ 
ple  furnished  by  the  oxidation  of  n-butyl  mercaptan  in  olefins  (Pig. 
120). 

Apart  from  the  above  factors,  the  rate  of  the  process  depends  on 
the  mercaptan  concentration,  the  molecular  weight  of  the  mercaptans, 
and  the  temperature  of  the  process. 

The  process  is  run  successfully  at  normal  concentrations  of  the 
antioxidant  required  -.’or  chemical  stabilization^  an  increase  in  con¬ 
centration  does  not  produce  an  additional  effect. 

Only  antioxidants  of  this  type  are  used  to  sweeten  gasolines  con¬ 
taining  mercaptans.  Aminophenol  antioxidants,  on  the  other  hand,  in¬ 
hibit  mercaptan  oxidation  [21],  Moreover,  they  are  extracted  by  allcall;. 

In  the  USA,  sulfur -containing  gasolines  are  successfully  sweet-,  n  ' 


with  antioxidants  at  a  number  of  petroleui^  refineries  instead  of  using 
doctor  purification  [21]. 

The  use  of  existing  commercial  antioxidants  in  fuels  guarantees 
that  they  will  retain  their  properties  under  ordineiry  conditions  for 
prolonged  periods  (1-3  years)  and  permit  su'oseQuant  normal  use  In  en¬ 
gines.  However,  prolonged  storage  of  a  fuel  in  hot  climates  or  normal 
use  of  the  fuel  under  comparatively  severe  conditions  ~  elevated  tem¬ 
peratures,  in  the  presence  of  nonferrous  metals  —  is  not  always  en¬ 
sured  by  antioxidants  alone. 

The  same  applies  to  high-molecular  fuels  such  as  diesel  fuels 
that  contain  large  amounts  of  unsaturated  hydrocarbons  sind  sulfur  com¬ 
pounds. 

In  these  cases,  the  use  of  antioxidants  alone  is  Inadequate  and 
chemical  stabilization  of  the  fuels  requires  use  of  additives  of  other 
types  as  well. 

Suppression  of  Catalytic  Action  of  Metals  Under  Conditions  of  Fuel 
Storage  and  in  Engine  Wei  Systems 

■  Metals  present  in  the  oxidation  zone  in  the-  form  of  metallic  sur¬ 
faces,  soluble  salts,  and  so  forth,  accelerate  oxidation  of  fuels.  A 
very  small  quantity  of  metal  is  sufficient  for  its  catalytic  action  to 
be  manifested,  since  catalysis  is  effected  by  ions  of  the  metal  [25-27]. 
Copper,  copper  alloys  and  certain  other  metals  (vanadium  and  sometimes 
lead)  possess  the  highest  catalytic  activities  [25,  28,  1].  In  the 
presence  of  an  antioxidant,  the  influence  of  the  metal  comes  particu- 
lai'ly  strongly  to  the  fore;  the  antioxidant  is  consumed  rapidly  and 
the  fuel,  left  unprotected,  begins  to  oxidize  [27,  29]. 

In  practical  application  of  the  fuels,  the  catalytic  action  of 
metallic  surfaces  composed  of  active  metals  results  in  considerable 
operational  difficulties.  Tar  deposits  form  on  nonferrous -metal  compo- 
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Pig.  121.  Influence  of 
metal  deactivator  in  sta¬ 
bilizing  automobile  gaso¬ 
line  during  storage  [29]. 
l)  Gasoline  stabilized  by 
antioxidant  only;  2)  gas¬ 
oline  stabilized  by  anti¬ 
oxidant  and  metal  deac- 
tlvator.  a)  Actual  tars, 
mg/lOO  ml;  B)  storage 
time,  months. 


nents  ( pickup  tubes,  filter  screens, 
plungers)  in  the  fuel  systems  of  engines 
(automobile,  jet  and  diesel  types)  and 
lower  the  dependability  and  economy  of 
the  engine.  Traces  of  metals,  including 
active  metals,  are  present  in  practically 
all  fuels.  It  was  established  by  inves¬ 
tigation  of  240  gasoline  specimens  [  frcan 
the  columns)  that,  for  example,  91^  of 
them  contained  0.9  mg/liter  of  copper 
[28];  this  is  quite  sufficient  for  full 


TABLE  75 

Effectiveness  of  Metal  Deactivators  in  the 
Presence  of  Various  Antioxidants  [1] 
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21 
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♦After  oxidation  for  4  hours  at  100®. 

1)  Antioxidant;  2)  tars,  mg/lOO  ml  in  cracking 
kerosene*;  3)  without  metal;  4)  in  presence  of 
copper;  5)  with  copper  and  deactivator;  6) 
0,013^  salicylldene-o-aminophenol;  7)  0.025^ 
dlsalicylldene-o-vaminophenol;  8)  ionol,  0.2^ 
by  weight;  9)  pKenyl-p-amlnophenol,  0.2^;  10) 
PCh-l6.1^  [sicj;  11)  ^h-4.1^  [sic];  12)  wood 
tar  antioxidant,  type  TP,  C.ljK;  13)  wood  tar 
antioxidant,  type  B,  0.1^, 


umnifestatlon  of  its  catalytic  action. 

Special  additives  -  metal  deactivators  •-  are  added  to  fuels  to 
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suppress  the  caialytic  action  of  meta3,s,  These  additives  are  used  to¬ 
gether  with  antioxidants  to  protect  the  latter  from  attack  "by  nietals 
[25-29].  Metal  deactivators  are  added  in  concentrations  l/5  to  l/lO 
those  of  the  antioxidants. 

The  action  of  these  additives  is  based  on  their  format ion«  with 
the  metallic  ions,  of  complexes  that  are  soluble  in  the  fuel  and  convert 
the  metals  to  Inactive  states  [25-2?].  For  this  reason,  substances 
capable  of  forming  complexes  of  definite  structure  with  nietals  are 
used  as  metal  deactivators  [26,  27].  Compounds  of  the  most  diverse 
chemical  classes  are  effective  for  this  purpose. 

The  largest  number  of  active  metal  deactivators  is  found  among 
compounds  of  the  Schlff-base  type  (condensation  products  formed  by  hy- 
droxyaromatic  carbonyl  compounds  with  amines,  amino  alcohols,  amino- 
phenols,  etc. )  and,  in  particular,  the  sallcylldenes,  which  are  con¬ 
densation  products  of  salicylal  with  amines  or  aminophenols  [25-29]. 

Among  the  sallcylldenes  described  as  effective  metal  deactivators 
we  note  salicylidene-o-aminophenol,  disallcylideneethylene  diamine, 
and  tetrasallcylldene-tetra(aminomethyl)methane  [25-29,  1]. 

The  metals  deactivators  do  not  themselves  possess  antioxidant 
properties,  but  on  addition  to  a  fuel  containing  an  antioxidant,  they 
intensify  its  action  considerably  (Table  75). 

Metals  deactivators  were  first  intended  for  stabilization  of  sul- 
fui‘-containing  gasolli^es  tiiat  had  been  purified  with  copper  salts, 
since  the  traces  of  copper  that  remain  in  the  gasoline  cause  a  sharp 
deterioration  in  its  stability  [25].  Subsequently,  they  came  into  use 
in  practically  all  fuels.  Figures  121  and  122  illustrate  the  effective 
ness  of  a  metal  deactivator  in  stabilizing  automobile  gasoline  and  avi 
ation  kerosene  containing  unsaturated  hydrocarbons  [1,  29]. 

Comparatively  extensive  commercial  use  as  a  metals  deaotivator 
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Pig.  122.  Influence  of 
metal  deactivator  In  sta¬ 
bilizing  gasoline-kero- 
sene  fractions  [1].  (Ox¬ 
idation  at  110°  in  an  at¬ 
mosphere  of  air  in  the 
presence  of  copper  in  the 
form  of  platelets.)  1)  Ox¬ 
idation  in  absence  of  cop¬ 
per,  fuel  without  addi¬ 
tive;  2)  oxidation  in 
presence  of  copper,  fuel 
without  additive;  3)  oxi¬ 
dation  in  the  presence  of 
copper  with  metal  deac- 
tlvator  added  to  fuel.  A) 
Tars,  mg/lOO  ml;  B)  oxi¬ 
dation  time,  hours. 


has  been  accorded  abroad  to  dlsalicyll- 
denepropylenediamlne  or  NN'-dlsallcyl- 
1, 2-propanedlamine ; 


In  pure  form,  this  is  a  dark  amber 
liquid  with  a  specific  gravity  of  about 
1.08  and  a  pour  point  of  — l8®  [28]. 

The  metals  deactivator  is  shipped 
in  a  solvent  -  toluene  or  xylene  —  which 
makes  up  20j6  of  the  additive.  The  addi¬ 
tive  is  sold  under  various  trade  names  — 
DMD,  tetramen-60  [28]. 

Specifications  provide  for  the  ad¬ 
dition  of  0.005J^  by  weight  of  the  metal 
deactivator  to  automobile  gasolines  and 


Jet  fuels  [28,  22].  It  is  added  to  kerosene  to  Improve  color  [28]. 


In  addition,  metal  deactivator  is  used  in  certain  conqplex  addi¬ 
tives  —  FOA-208  and  POA-212,  which  are  produced  for  stabilization  of 
diesel  and  boiler  fuels  [22],  In  these  additives,  the  metal  deactivator 
composes  8  and  12$^,  respect iv-dy,  but  the  basic  component  is  the  FOA-2 
dispersing  additive  {lqb  below). 


Prevention  of  Sludge  Formation  in  Engine *3  Intate  System 

In  an  engine's  fuel  system  (in  the  Intake  system),  sludge  depos¬ 
its  form  from  tarry  substances,  nonvolatile  products  (dyes)  and  for¬ 
eign  impurities. 


To  ensure  cleanliness  of  the  fuel  system,  special  gasoline  addi¬ 


tives  iiave  been  proposed;  these  either  dissolve  the  deposits  or  prc- 
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vent  adhesion  of  t>ie  oepOTHt^  to  the  i^.etal  by  virtue  of  their  surface- 
active  properties.  Below  we  list  certain  compounds  that  have  been  pro¬ 
posed  as  additives  that  wash  sludge  deposits  out  of  automobile -engine 
fuel  systems:  polymerized  esters  of  unsaturated  acids  or  copolymers 
with  vinyl  acetate,  amyl  fumarate  or  malaate,  allloones,  sllloones 
with  aryl  phosphate,  isopropane,  etc.  [23], 

Additives  of  the  neutral -oil  type  ensure  the  presence  of  liquid 
on  the  walls  of  the  apparatus  and  thus  keep  the  deposits  in  the  sus¬ 
pended  state,  assisting  in  scavenging  them  out.  Simulteineously,  they 
provide  further  lubrication  for  the  intake  valves,  cylinder  walls,  and 
piston  rings.  Such  additives  are  added  to  gasoline  in  a  concentration 
of  0.55&. 

Surface -active  additives  are  used  in  concentrations  from  3-^ 
mg/lOO  ml. 

Additives  that  clean  the  fuel  system  are  not  added  to  aviation 
gasolines  [23]. 

Improvement  of  PHiel  Properties  with  Detergent  Stabilizers 

The  chemical  changes  that  take  place  in  fuels  under  the  conditions 
of  storage  and  in  the  engine's  fuel  system  are  accompanied  by  formation 
of  both  fuel-soluble  and  fuel-insoluble  oxidation  products. 

Insoluble  deposits  are  formed  when  Jet  and  particularly  diesel 
and  boiler  fuels  containing  cracking  components  are  stored  [30-34,  22]. 

The  formation  of  deposits  in  direct-distilled  Jet  fuels  at  high 
temperature  is  a  special  problem;  it  is  considered  in  Chapter  10, 

Elimination  of  deposit  formation  in  storage  of  diesel  fuels  be¬ 


comes  an  important  operational  problem,  particularly  w’hen  products  of 
catalytic  cracking  are  used  extensively  in  these  fuels  [30-37]. 

We  note  two  tiqjes  of  deposits*,  sludges,  which  represent  an  emul¬ 
sion  of  organic  oxidation  products  in  water,  and  gelatinous  mercaptan 


deposits,  which  consist  of  fuel  that  has  been  contaminated  by  small 
quantities  of  copper  mercaptldes.  The  latter  form  when  a  sulfur- 
containing  fuel  acts  on  copper  alloys,  from  which  fuel-apparatus  com¬ 
ponents  are  made. 

A  fuel  containing  Insoluble  deposits  cannot  be  used  normally  be¬ 
cause  of  clogging  of  the  filters,  screens  and  clearances  In  the  engine 
nozzles  [30-3^]. 

Special  additives  are  \ised  successfully  to  Improve  the  operational 
properties  of  fuels  that  are  Inclined  to  form  deposits;  these  are  the 
detergent  stabilizers.  These  additives  perform  several  functions:  they 
prevent  formation  of  deposits  during  storage  by  retarding  oxidation 
processes  and  prevent  the  insoluble  products  that  have  formed  from  pre¬ 
cipitating  by  holding  them  in  a  fine -dispersed  state.  A  mixture  of  ad¬ 
ditives  In  which  these  functions  are  performed  separately  by  two  (or 
tiiree)  additives  may  be  employed. 

Dispersing  agents  apparently  have  their  effect  as  a  result  of 
their  surface-active  properties  as  classical  stabilizers  (peptizers) 
of  colloidal  systems,  preventing  coagulation  of  colloidal  particles  of 
Insoluble  oxidation  products  from  the  fuel. 

When  the  additive  concentration  In  the  fuel  Is  Inadequate,  an  in¬ 
crease  In  the  quantity  of  deposit  was  sometimes  observed.  Tills  pheno¬ 
menon  Is  accounted  for  by  the  fact  that  in  fuels  in  which  the  colloidal 
concentration  la  higher  than  the  additive  concentration,  the  latter 
may  precipitate  from  solution  together  with  these  substances,  while 
wltli  adequate  concentrations  it  peptizes  them  successfully  [3^1«  The 
Inhibiting  effect  of  the  additives  is  realized  by  the  normal  antioxi¬ 
dant  mechanism. 

A  lai'ge  number  of  compounds  have  been  suggested  as  additives  to 
diesel  and  boiler  fuels  for  use  in  preventing  formation  of  deposit  j 


Fig.  123.  Influence  of  deter¬ 
gent  additives  to  fuel  on  clean¬ 
liness  of  filters  [33,  3^].  I) 
Pump  filters  after  16  weeks  of 
operation  at  1^  gas  oil 

without  additive j  2)  same  gas 
oil  with  0.0255^  of  No,  2  addi¬ 
tive  i  3)  same  gas  oil  with 
0.0255^  of  No,  1  additive.  Il) 
Filters  from  boiler  installa¬ 
tions;  1)  fuel  without  addi¬ 
tive;  2)  fuel  with  commercial 
additive;  3)  fuel  with  experi¬ 
mental  additive. 


them;  these  belong  chiefly  to  the  classes  of  allqrlamines,  sulfonates, 
naphthenates  and  phenolates  of  the  alkaline -earth  metals,  phosphorus 
oonpounds,  fatty  acids,  and  polar  polymers  containing  nitrogen  bases 
[1,  22,  28,  35,  303.  Metals  deactivators  are  also  sometimes  added  to 
such  additives.  These  additives  are  classified  as  ashforming  and  non- 


I 

h 


ashforwiing  in  accordance  with  their  composition.  The  former  group  in¬ 
cludes  compounds  containing  metals  (naphthenates,  sulfonates,  pheno¬ 
lates  of  metals),  while  the  second  Includes  amines,  polar  polymers, 
and  other  purely  organic  substances.  Such  additives  are  used  not  only 
to  prevent  formation  of  deposits,  but  also  to  clean  apparatus  that  has 
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already  been  contaminated.  In  the  latter 

case,  the  additive  concentration  in  the 

fuel  is  increased  [36,  37], 

The  activity  of  good  dispersing  or 

multifunctional  additives  is  expressed 

in  an  Improvement  in  the  fllterablllty 

Fig,  124.  Effectiveness  of  the  fuel  after  storage  and  in  greater 

of  dispersing  stabilisers 

in  storage  of  diesel  cleanliness  of  the  fuel-handling  appa- 

fuels  [32].  (Based  on 

light-dispersion  changes- - ratus  (Pig.  123), 

by  Insoluble  particles 

formed.)  l)  B^xel  without  The  inhibiting  action  of  complex 

additive;  2)  fuel  with 

0.02^  of  additive.  A)  Dls-  additives  (detergent  stabilizers)  manl- 
persion  of  light;  B)  ag¬ 
ing  time  at  43°,  days.  fests  Itself  even  in  the  very  first 
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TABLE  76 

Influence  of  Various  T^es  of 
Commercial  Additives  on  Forma¬ 
tion  of  Insoluble  Deposit  in 
Fuel  Rirlng  Storage  (31) 
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InoaapwiS  soiatiap  .  .  . 

U 

as 

1)  Additive;  2)  insoluble  de¬ 
posit  in  fuel  (In  mg/100  ml)  af¬ 
ter  storage  at  43°;  3)  6  weeks; 

4)  18  weeks;  5)  without  additive; 

6)  alkj^lamine;  7)  metal  sulfo¬ 
nate;  8)  polar  polymer, 

stages  of  fuel  storage  (Pig.  124). 

Although  deposits  do  form  in  fuels  during  storage  even  whan  they 

have  effective  additives,  the  concentration  by  weight  of  these  deposits 

considerably  lower  (Table  76)  and  the  structure  of  the  deposit  Is 

mod: Tied,  since  it  does  not  cause  clogging  of  filters  (31]. 


It  has  been  noteci  rmst  not  ail  active  clea-nslng  additives  that 
give  a  good  account  of  themselves  In  oils  are  sufficiently  effective 


In  diesel  and  boiler  fuels. 


•TABLE  77 

Suspending  Action  of  Certain  Dis¬ 
persing  Agents  In  the  Presence 
and  Absence  of  Moisture  [36] 
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1)  Additive;  2)  quantity  of  sus¬ 
pended  carbon  after  four  days« 

3)  dry  kerosene;  4)  kerosene 
with  0.5J^  of  water;  5)  without 
additive;  6}  Ba  sulfonate j  0.5S^; 
7)  polar  polymer «  0.3^* 


TABLE  78  -  -  - 

Effectiveness  of  Polar  Polymer  in  Reducing 
Quantity  of  Deposit  on  Nozzle  Screens  [36j 
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1)  Fuel;  2)  additive  concentration,  %  by 
weight;  3)  “aging"  conditions;  4)  time,  months; 

5)  temperature,  ®C;  6)  Insoluble  deposit,  mg; 

7)  light  catalytic -cracking  gas  oil  with  sul¬ 
fur  content  of  0.9j6  by  weight;  8)  without  ad¬ 
ditive;  9)  same;  10)  same  fuel  containing  0.37^ 
by  weight  of  sulfur;  11)  room. 

This  is  accounted  for  by  the  different  conditions  of  application: 
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fuel  additives  must  show  their  influence  at  considerably  lov<er  tempera¬ 
tures,  at  which  condensation  of  moisture  Is  possible,  and  this  may 
"poison"  the  additive  [36]. 

Table  77  shows  the  Influence  of  water  on  the  suspending  action  of 
certain  additives  with  respect  to  Insoluble  products. 

As  will  be  seen  from  Table  6,  the  most  effective  dispersing  agents 
are  additives  of  the  polar  polymer  type.  These  campounds  are  products 
of  joint  polymerization  of  two  different  types  of  monomers  that  per¬ 
form  different  functions  in  the  additive  [36].  One  of  the  monomers, 
which  is  nonpolar  in  nature,  ensures  solubility  of  the  additive  in  the 
fuel,  acting  as  an  oleophilic  component.  The  other  raoncmer  contains 
nitrogen  bases  and  is  the  active  component  of  the  additive.  On  the 
whole,  such  additives  may  be  chax’acterized  as  hydrocarbon -soluble  sur¬ 
face-active  polymers  containing  nitrogen  bases  [36]. 

To  a  considerable  degree,  the  propertlsM  of  an  additive  depend  on 
the  contents  in  it  of  the  components  that  perform  the  functions  indi¬ 
cated  above. 

Still  another  nonpoiai*  monomer,  wiuch  functions  only  to  elongate 
the  polymer  chain,  may  also  be  lncorp>orau  d  in  the  a  dditive  (36]* 

Compounds  of  the  followli*ig  classes  laay  be  ^^nployed  as  monomers 
with  various  functions  to  produce  polar  copolymers:  esters  or  amides 
of  methacrylic  or  acrylic  acids  or  polymerising  polycar boxy lie  acids, 
vinyl  esters  of  carboxylic  acids,  nnd  so  foi'th. 

High  surf ace -active  (suspending  and  dissolving)  properties 
ensus’cd  in  such  additives  by  the  presence  of  j-HIg  groups  in  them.  ?v-eut- 
ralization  of  these  bas^c  groups  does  not  reduce  the  suspending  prop¬ 
erties  {.3^  I* 

A  copoiymer  'of  dodecyl  methacrylate  and  diethylamine  ethyl  .meth¬ 
acrylate  in  the  proportions  80:20  luis  been  foursd  most  effective  as 


In  addition,  dispersing  additives  also  facilitate  mixing  of  fuels. 
When  diesel  and  boiler  fuels  of  different  origins  (and  different  vis¬ 
cosities).  are  mixed,  we  frequently  observe  precipitation  of  depqslts 
•as  a  result  of  changes  in  the  properties  of  the  solvent  medium  [37]* 
When  detergents  are  present  in  the  fuel,  these  difficulties  do 
not  arise..  This  advantageous  property  of  additives  is  particularly  im¬ 
portant  for  railroad  and  marine  transportation,  which  are  obliged  to 
use  fuels  obtained  at  various  geographical  points. 

The  fuel  additives  described  above  are,  as  a  rule,  multifunc¬ 
tional:  antioxidants,  dispersing  agents,  and  sometimes  corrosion  pre¬ 
ventives  (polar  polymers). 

This  does  not  exclude  the  use,  when  necessary,  of  such  additives 
in  mixtures  with  others  to  bolster  one  or  another  function,  such  as 
the  anticorrosive  or  antioxidant  properties. 

ADDITIVES  THAT  REDUCE  CORROSIVE  ACTIVITY  OP  FUELS 

Fuel  hydrocarbons  are,  in  themselves,  substances  that  are  not  ag¬ 
gressive  toward  metals,  but  the  oxygen  and  sulfur  compounds  that  ac¬ 
company  them  in  the  fuels  and  the  halogens  in  the  antiknock  compounds 
may,  under  certain  conditions,  cause  considerable  corrosion  of  metals. 
This  property  comes  particularly  to  the  fore  in  the  presence  of  water. 

Reduction  of  the  corrosive  activity  of  high-sulfur  fuels,  the  pro¬ 
duction  of  which  is  increasing  continuously,  is  of  great  importance. 

The  corrosive  properties  of  fuels  may  be  reduced  to  a  considerable 
degree  by  the  use  of  various  additives. 

Reduction  of  Corrosion  Due  to  Fuel-Oxidation  Products 

As  oxidation  products  -  chiefly  organic  acids  -  accumulate  during 
storage  of  fuels,  the  corrosive  aggressiveness  of  the  f'uels  increases. 

Additives  may  Inhibit  this  intensification  of  corrosive  activity 
of  fuels  either  by  retarding  oxidation  of  the  fuels  or  by  forming  c* 
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protective  film  on  the  inetal. 

Oxidation  Is  retarded  by  the  usual  antioxidant  method;  a  protec¬ 
tive  film  may  be  created  either  as  a  result  of  chemical  reaction  be¬ 
tween  the  additive  and  the  metal  or  as  a  result  of  formation  of  a  mono- 
molecular  layer  (barrier)  due  to  oriented  adsorption  of  the  polar  sub¬ 
stances  [38]. 

Beyond  this,  certain  compounds  may  retard  corrosion  by  neutraliz¬ 
ing  acid  oxidation  products. 
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Fig.  125.  Kinetic  corrosion 
curves  in  the  presence  of  vari¬ 
ous  types  of  anticorrosion  ad¬ 
ditives  [39]*  a)  Inhibitor;  b) 
imraunizer.  1)  Without  additive; 

2)  with  additive.  A)  Corrosion; 

B)  time. 

Anticorrosion  agents  are  classified  as  immunizers,  inhibitors  and 
passivators  in  accordance  with  the  kinetic  mechanism  by  which  they  act 
[39J. 

The  immunizers  include  substances  addition  of  which  to  hydrocar¬ 
bons  prolongs  the  induction  period  prior  to  the  onset  of  intensive 
corrosion;  the  inhibitors  include  additives  addition  of  which  lowers 
the  rate  of  corrosion,  without  any  induction  period  coming  into  evi¬ 
dence,  and  the  passivators  are  compoui^ds  that  prevent  corrosion  at  the 
very  outset  by  forming  a  protective  film  of  corrosion  products  on  the 
metal  surface  (Fig.  125). 

Oxidation  inhibiting  by  antioxidants  and  metals  deactivators  was 
discussed  above.  Stabilizing  the  fuel  against  oxidation,  these  addl- 
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tives  also  perform  the  functions  of  substances  that  reduce  corrosion. 

The  actual  anticorrosion  additives  are,  however,  certain  compounds 
of  a  polar  nature  or  neutralizing  substances.  These  Include  long-chain 
fatty  acids,  esters,  diesters,  salts  of  fatty  and  naphthenic  acids, 
hydroxycarboxylic  acids,  amines  and  other  such  compounds  [40,  1,  22, 
■23]. 

The  addition  to  direct-distilled  kerosene  (T-l)  of  small  quanti¬ 
ties  (0,05-1^)  of  certain  thiochloro-  and  amino-derivatives  of  hydro¬ 
carbons  of  the  aliphatic  and  aromatic  series  reduced  corrosion  (of  car¬ 
bon  and  low-alloy  steels  and  magnesium)  to  a  fraction  [40]. 

Sulfonated  stearic  acid,  chlorinated  paraffin,  chlorinated  rubber, 
diphenylamlne  and  other  substances  have  been  tested  as  such  additives. 
Some  of  these  compounds  protected  steel  from  corrosion  for  over  1  year 
or  even  prevented  it  completely  [40]. 

Corrosion  by  oxidation  products  is  Intensified  particularly  in 
the  presence  of  water  (dissolved  in  the  hydrocarbons  or  present  in  the 
form  of  a  separate  phase),  since  the  part  taken  by  electrochemical 
corrosion  increases  in  this  case.  Acid  oxidation  products  concentrate 
in  the  aqueous  phase  as  a  result  of  their  higher  solubility  in  water, 
and  corrosion  is  sharply  Intensified,  louring  storage  of  ethylated  gas¬ 
olines  in  the  presence  of  moisture,  coivoslon  is  aggravated  as  a  re¬ 
sult  of  hydrolysis  of  the  halogen  carrier  [4l,  42], 

Corrosion  of  metals  by  ethylated  gasoline  was  prevented  by  addi¬ 
tion  of  sodium  methoxydisulfamidoacetate  ^ySOgNHCH^COONa  to 

it  (0.05-0.1^  by  weight).  The  additive  forms  a  protective  film  that  is 
easily  restored  on  damage  on  the  surface  of  the  metal  [4s], 

The  use alkali-metal  (sodium,  potassium)  and  ammonium  fluorides 
which  ore  pla-'^ed  in  the  gasoline  in  cartridge  form,  also  gave  positive- 
results  in  ethylated  gasoline  (42]. 
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Aminoalkyl  phOsSphates  have  also  come  into  use  as  neutralizing  an¬ 
ticorrosion  gasoline  atiditives.  They  are  products  of  the  reaction  be¬ 
tween  aliphatic  blanched  amines  (02^^  -  and  alkyl  phosphates  (Cg  — 
C^g)  and  contain  about  50^  excess  amine  as  against  the  theoretical 
quantity.  It  is  recommended  that  the  additives  be  present  in  aviation 
gasolines  in  quantities  from  0.002-0.05^  [^'3]«  Certain  imidazoles  may 
be  used  in  such  an  additive  instead  of  the  aliphatic  amines  [43]. 

Basically,  corrosion  by  fuel  oxidation  products  formed  during 
storage  can  be,  for  all  practical  purposes,  prevented  in  the  absence 
of  moisture  by  oxidation-stabilizing  additives  alone;  in  the  presence 
of  water,  however,  the  presence  of  such  additives  is  inadequate  and 
special  additives  are  sought  that  will,  in  one  way  or ‘another,  protect 
the  metal  of  the  apparatus  from  attack  by  aggressive  compounds  in  the 
fuel. 

In  the  presence  of  water  and  air  that  is  dissolved  in  the  fuel, 
the  usual  rusting  of  metals  also  takes  place,  and  rust  inhibitors  are 
used  to  prevent  it. 

A  number  of  compotinds  such  as,  for  example,  salts  of  mepazln  [sic] 
sulfamldoacetic  acids,  n-dihydroxybenzophenone,  the  monoethyl  ether  of 
ethylene  glycol,  N-acylamlno  acids,  naphthenates ,  sorbltan  esters  and 
pentaerythritol  esters,  amino-  and  ammonium  sulfonates  (mahogany- 
colored  sulfoacids)  and  others  have  been  suggested  as  additives  to  pre¬ 
vent  corrosion  of  the  apparatus  by  fuels  in  the  presence  of  water  [40, 
22], 

For  example,  a  mixture  of  alky Imercaptoace tic  acid  and  the  acid 
esters  of  monolaurylphosphorlc  or  dloctylphosphorlc  acids  has  been 
recommended  to  prevent  corrosion  in  the  presence  of  sea  water  [4o], 

Naphthenates,  sorbltan  eaters  or  pentaerythritol  esters  and  other 
substances  are  added  to  diesel  and  boiler  fuels  to  inhibit  rust. 


Commercial  rust  Inhibitors  in  concentrations  of  0.008-0.01^  by 
weight  considerably  reduce  corrosion  of  fuel  lines,  pumps,  gauges  and 
tank  cars  [44],  Tank  cars  used  in  hauling  fuel  containing  a  rust  in¬ 
hibitor  last  for  many  years  without  protective  coatings.  In  tests  of  a 
fuel  with  an  additive  in  truck-trailer  tanks  over  an  8-month  period, 

1/6  the  amount  of  rust  formed  as  compared  with  the  results  of  tests 
run  without  the  additive  [44]. 

It  was  found  on  examination  of  gasoline-engine  motor  vehicles  run 
on  a  gasoline  containing  rust  inhibitor  that  no  corrosion  was  in  evi¬ 
dence  in  the  carburetors,  pumps,  and  gasoline  tanks;  the  number  of  [re¬ 
placement]  carburetors  and  pumps  used  by  these  vehicles  was  reduced  by 
W  [44]. 

Rust  inhibitors  are  usually  added  to  the  fuel  when  it  is  to  be 
shipped  by  tanker. 

Rust  inhibitors  are  added  to  automotive  gasolines  in  concentra¬ 
tions  up  to  3  mg/lOO  ml  of  the  active  component,  to  aviation  gasolines 
in  quantities  up  to  6  mg/lOO  ml  (of  the  entire  additive)  [23]  and  to 
Jet,  diesel  and  distillate  boiler  fuels  in  approximately  the  same  quan¬ 
tity  [22]. 

Ammonium  sulfonates  and  organic  phosphorus  compounds  have  come 
into  most  extensive  use  as  commercial  rust  Inhibitors. 

Rust  inhibitors  are,  for  the  most  part,  compounds  that  are  soluble 
in  the  fuel,  and  they  do  not  prevent  corrosion  In  a  water  layer  under 
the  fuel.  Water-solvl'le  Inhibitors  such  as  sodium  nitrite  In  combina¬ 
tion  with  alkaline  materials  are  used  for  this  purpose.  Such  Inhibitors 
can  be  added  directly  to  the  tank  [22]. 

When  fuels  are  used  In  engines  operating  near  full  load,  where 
the  temperatui'e  In  the  fuel  system  may  rise  high,  corrosion  of  the 
metal  by  fuel  oxidation  products  Is  intensified  manifold.  The  corruc:- . 
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products  may  form  a  considerable  fraction  of  the  insoluble  deposits 
and  sludges  that  form  at  high  temperatures  in  the  fuel  systems  of  Jet 
and  diesel  engines;  consequently,  additives  Intended  to  Improve  the 
operational  properties  of  such  fuels  must  possess  anticorrosion  prop¬ 
erties  or  contain  special  anticorrosion  agents. 


Reduction  of  Corrosion  Due  to  Sulfur  Compounds  In  Fuels 

Active  sulfur  compounds  In  fuels  (elementary  sulfur,  hydrogen 
sulfide,  mercaptans)  may  cause  corrosion  of  metals  even  at  normal  tem¬ 
perature.  When  this  happens,  mercaptldes  (of  copper  or  cadmium)  form 
on  nonf err ous -metal  components  (screens,  filters,  coatings,  etc.)* 
talcing  the  form  of  deposits  that  are  not  soluble  in  the  fuel. 


TABLE  79 

Inhibition  of  Corrosion  on  Steel  (Inhibition 
Coefficient*)  in  High-Sulfur  Automotive  Gaso¬ 
line  in  the  Presence  of  Inhibitor  over  5^  Days 
[46] 
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'^rPvF'inhibltion  coefficient  indicates  the  fac¬ 
tor  by  which  corrosion  is  reduced  as  compared 
v^ith  uninhibited  gasoline. 

1)  Steel;  2)  concentration  of  inhibitor  in  gasoline;  3)  me¬ 
dium;  4)  vaoor  phase;  5)  fuel  phase;  6)  water -and- fuel  phase; 
7)  SKhL-1;  8)  complete  protection;  9)  same;  10)  SKhL-4;  11) 


On  combustion  of  the  fuel,  all  sulfur  compounds  form  aggressive 
oxides  of  sulfur,  which  may  produce  both  gaseous  corrosion  and  acid 
corrosion  in  an  engine  that  has  not  been  thoroughly  warmed  up  or  has 
been  allowed  to  cool  off,  as  a  result  of  formation  of  the  aggressive 
sulfuric  acid  on  condensation  of  the  water  [45]. 

Additives  for  p?eventlbn“of  corrosion  produced  by  active  sulfur 
compounds  in  liquid  fuel  have  not  yet  been  adequately  developed. 

Corrosion  of  copper  by  sulfur  in  hydrocarbons  was  reduced  consid¬ 
erably  on  addition  of  anthraquinone,  aniline,  triethanolamine,  quino¬ 
line,  benzyl  alcohol,  pyrogallol,  a-naphthylamine,  phthallc  anhydride, 
phthallmlde  and  other  compo\inds  [391*  The  protective  action  of  these 
inhibitors  was  expressed  basically  in  an  increased  induction  period 
before  onset  of  corrosion.  Anthraquinone  added  in  quantities  of  0.2^ 
provided  full  corrosion  protection  for  copper  for  about  2  years,  while 
use  of  a  fuel  without  additive  resulted  in  formation  of  a  sulfide 
layer  on  the  copper  in  a  few  seconds  [39]*  Under  the  test  conditions, 
the  various  substances  prolonged  the  induction  (from  50  min  to  18  days) 
benzoyl  peroxide  and  tetralin  retarded  the  appearance  of  corrosion  on 
copper  by  more  than  100  days  C393» 

Bronze  and  brass  components  of  diesel-engine  fuel  apparatus  are 
protected  from  corrosion  by  sulfur-containing  fuels  (formation  of  mer- 
captides)  by  the  use  of  additives  containing  metals  deactivators  [28, 
30].  Cwnmercial  additives  of  the  polar-polymer  type  were  noted  to  give 
an  anticorrosive  effect  for  sulfur-containing  diesel  and  boiler  fuels 
t35]. 

An  inhibitor  prepared  from  ammonia  and  benzoic  acid  (AMBA)  ex¬ 
hibits  high  effectiveness  in  protecting  steels  against  corrosion  by 
sulfur -containing  fuels  in  the  presence  of  water  [46],  Table  79  illus¬ 
trates  the  corrosion  retardation  produced  by  these  materials  for  vurl- 


ous  steels  in  sulfur-containing  (0.1^)  automotive  gasoline. 

Tests  of  the  inhibitor  under  operational  conditions  (in  stationary 
tanks  and  tankers),  using  sulfur-containing  automotive  gasoline,  diesel 
fuel  and  crude  petroleum,  indicated  that  a  O.OIJ^  concentration  of  the 
Inhibitor  would  provide  the  tanka  with  full  oorroalon  protection.  The 
inhibitor  may  be  introduced  into  the  fuel  by  spraying  the  surface  of 
the  empty  tank  or  introduced  into  the  ballast  sea  water  [46]. 

Anticorrosion  lubrica ting-oil  additives  are  being  used  success¬ 
fully  to  prevent  corrosion  and  wear  of  engines  by  products  of  combus¬ 
tion  of  sulfur-containing  (diesel)  fuel,  but  the  greatest  gain  is 
achieved  when  special  anticorrosion  agents  are  added  to  the  fuel  simul¬ 
taneously.  B.V.  Losikov  and  S.E.  Kreyn  obtained  encouraging  results 
with  such  a  combination  when  diesel  fuels  containing  more  than  1^  of 
sulfiiT  were  used;  aliphatic  amines  with  molecular  weights  from  85  to 
90  and  containing  9-11%  of  nitrogen  [1]  were  added  to  the  fuel  as  an 
anticorrosion  additive. 

Zinc  naphthenate  has  also  been  successfully  tested  as  an  anticor¬ 
rosion  additive  to  high-sulfur  diesel  fuels  containing  about  1^  of 
sulfur;  it  is  recommended  that  it  be  used  in  combination  with  an  anti¬ 
scaling  additive  to  the  lubricating  oil  [4?].  The  addition  of  0.3^  of 
zinc  naphthenate  made  it  possible  to  reduce  wear  by  approximately  half 
and  thereby  reduce  it  to  the  values  characteristic  for  low-sulfur  fuels. 

Excellent  results  were  also  obtained  on  addition  of  alkali-metal 
nitrates  and  cai’bonates  to  high-sulfur  diesel  fuel.  Wear  of  the  piston 
rings  was  reduced  considerably  in  all  et^gines  where  the  fuel  with  the 
additive  was  employed. 

Additives  Uiat  reduce  corrosion  by  fuel-c ambus t ion  products  [48J 
exert  their  influence  by  neutralising  sulfur  oxides  .and  converting 
them  to  noncorrosive  compounds  that  are  carried  out  with  the  exiiaust 


gases.  Under  the  conditions  of  combustion,  these  additives  form  com¬ 
pounds  that  react  chemically  with  sulfur  trioxlde  or  sulfuric  acid. 

For  example,  aillcali-metal  nitrates  may  produce  nitrites  or  oxides  of 
these  metals,  which  then  react  with  sulfur  trioxide  to  form  neutral  or 
volatile  products  [48].  Alkali-metal  carbonates  can  act  by  the  same 
mechanism.  Naphthenates  of  metals  (zinc  naphthenate)  may,  on  combus¬ 
tion,  form  compounds  that  protect  the  surface  of  the  metal  from  attack 
by  the  sulfur  oxides  [4?]. 

Neutralizing  additives  may  be  introduced  directly  into  the  en¬ 
gine's  fuel  system  [45].  V/hen  an  ammonium  salt  is  added  in  this  way  to 
a  high-sulfur  (1.255^  s)  diesel  fuel,  piston-ring  scorching  and  varnish 
formation  were  eliminated  completely  and  corrosive  wear  was  reduced  to 
a  minimum. 

The  additive  has  a  neutralizing  effect  and  ret£a?ds  formation  of 
the  aggressive  sulfin?  trloxide  [45], 

ADDITIVES  THAT  IMPROVE  OPERATIONAL  PROPERTIES  OP  FUELS  AT  LOW  TEMPERA¬ 
TURES 

Difficulties  arise  in  operation  with  fuels  under  low-temperature 
conditions,  both  as  a  result  of  changes  in  the  properties  of  the  fuel 
themselves,  and  as  a  result  of  freezing  of  water  dissolved  in  the  fuel 
or  present  in  the  air. 

Prevention  of  Changes  in  Fuel  Properties  at  Low  Temperatures 

Low- temperature  changes  in  a  fuel  that  involve  its  chemical  com¬ 
position  are  manifested  In  separation  of  crystals  of  solidified  hydro 
carbons  from  it,  increased  viscosity,  and  freezing  of  the  fuel.  This 
applies  principally  to  diesel  and  Jet  fuels  produced  from  paraffinic 
petroleums  [38,  49], 

In  addition  to  appropriate  purification  (deparafflnizatlon) ,  the 
use  of  certain  special  depressor  additives  can  also  improve  the  lov;- 


TABLE  80 

Influence  of  AzNII  Depressor  on  Low-Temperature 


Properties  of  Diesel  Fuels  [49] 
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ij  Fuel,*  2)  additive  concentration,  ^  by  weight; 
3)  low-temperature  properties  of  fuels;  4) 


3)  low-temperature  properties  of  fuels;  4) 
clouding  temperature,  ^C;  5)  pour  point,  °C; 

6)  summer-grade  diesel  fuel;  7)  without  addi¬ 
tive;  8)  same;  9)  winter-grade  diesel  fuel; 

10]  below  -70;  11)  heavy  Surakhany  gas  oil; 

12)  Surakiiany  gas  oil;  13)  mixture  of  60jS 
Surakhany  solar  distillate  and  40$^  of  Surakhany 
kerosene;  l4)  mixture  of  SOjg  of  Surakhany  solar 
distillate  and  4C^  of  Dossor  kerosene. 


temperatui*e  properties  of  fuels.  They  are  added  to  diesel  fuel  to  lower 


its  pour-point  temperature  and  improve  pumpabillty  at  low  temperatures. 


Depressors  developed  for  lubricating  oils  and  certain  other  substances 


are  the  basic  materials  used  for  this  purpose. 


The  following  depressors  are  used  for  lubricating  oils  and  diesel 


fuels:  condensation  products  of  nonpolai'  organic  compounds,  e.g. ,  of 
naphthalene  with  a  chlorinated  paraffin  (Paraflow,  AsNII  depressor), 
etc.;  condensation  products  of  polar  compounds  (or  of  a  nonpolar  with 
a  polar  ccmipoimd)  -  Santopure,  paraffin-phenol,  etc.;  Voltollzing  prod¬ 


ucts  —  Voltols,  soaps  of  multivalent  cations,  oxidation  products  of 


high-molecular  liydrocarbons  (38,  49,  1], 
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The  action  of  the  depressors  is  accounted  for  by  adsorption  of 
the  additive  by  the  fine  paraffin  crystals,  so  that  growth  of  these 
crystals  and  formation  of  the  crystal  lattice  are  inhibited;  it  impedes 
adsorption  of  liquid  hydrocarbons  by  the  paraffin,  preventing  formation 
of  gels  [38,  22].  Other  explanations  have  also  been  given  for  the  ac¬ 
tion  of  the  depressors.  It  is  believed  that  they  convert  the  sterlc 
structure  of  the  paraffins  into  a  compact  structure  [38],  which  would 
explain  the  coagulating  action  of  the  additive  and  the  lmp370ved  fil- 
terability  of  hydrocarbons  with  additives.  The  action  of  the  depressors 
is  also  accounted  for  by  the  fact  that,  dissolving  in  the  hydrocarbons, 
they  act  as  crystallization  centers  about  which  paraffin  crystals  group; 
this  retards  the  formation  of  a  crystal  lattice  and  improves  the  flu¬ 
idity  of  the  hydrocarbon  product  [38]. 

The  influence  of  a  depressor  on  the  pour  point  of  a  diesel  fuel 
is  illustrated  in  Table  60. 

It  will  be  seen  from  these  data  that  while  it  reduces  the  pour 
point  considerably,  the  depressor  has  virtually  no  influence  on  the 
cloud  point  of  the  fuels,  i.e.,  it  does  not  inhibit  the  beginning  of 
pai'affln  crystallization,  but  does  retard  tlie  grov'rth  of  the  crystals 
[49]. 

The  effectiveness  of  the  depressor  depends  on  the  chemical  compo¬ 
sition  of  the  fuel  and  the  additive  concentration  (Table  80),  The  first 
portions  of  additive  have  a  more  striking  effect.  An  increase  in  the 
additive  concentration  above  a  certain  limit  produces  practically  no 
result. 

Sepressora  are  added  only  to  fuels  that  have  poor  low-temperature 
properties,  since  they  arc  tmeless  in  fuels  that  do  not  contain  pti^af- 
fins.  The  depressor  concentration  in  distillate  fuels  ranges  from  0.01 


Although  depressors  do  not  inhibit  initial  crystallization  of 
paraffins  and  do  not  Influence  the  limiting  ten^jerature  of  possible 
filtration  of  the  fuels,  they  facilitate  transportation  and  pumping  of 
the  fuel  by  virtue  of  the  considerable  pour-point  depression  [49]. 
Elimination  of  Operational  Dlffioultiea  ocimtottd  with  Prsasing  of  Water 

The  operational  difficulties  that  arise  as  a  result  of  freezing 
of  water  are  6:q)ressed  chiefly  in  icing  of  automotive -engine  carbure¬ 
tors  in  cold  damp  weather  and  in  the  formation  of  ice  crystals  in  avia¬ 
tion  fuels. 

Among  the  various  methods  that  prevent  or  eliminate  these  effects, 
we  again  find  the  use  of  certain  additives. 

a)  Fuel  additives  that  prevent  icing  of  automotive -engine  carburetors 
{antiicing  additives) 

There  are  two  known  types  of  antilclng  additives,  each  acting  by 
a  different  mechanism.  Additives  of  the  first  tjrpe  dissolve  in  water 
to  lower  its  freezing  point.  Additives  of  the  second  type,  which  are 
surface -active  substances,  form  envelopes  on  ice  particles,  and  this 
prevents  their  combining  with  one  another  or  settling  on  the  carburetor 
walls  [23], 

Various  alcohols,  glycols,  formamides  and  derivatives  thereof  are 
used  as  antiicing  additives  of  the  first  typo.  The  additives  are  used 
in  quaiitities  up  to  [23,  !]•  For  example,  diethylene  glycol 

aonobutyl  ether  is  added  to  gasoline  in  a  concentration  of  0.05-0.5^ 
by  weight  [50], 

Amines,  ammonium  phospiiates,  and  other  3u,»stanoe3  are  used  as  ad¬ 
ditives  of  tiie  second  type  [23], 

A  test  of  the  effectiveness  of  an  antilclng  additive  on  56  vehicles 
resulted  in  10  cases  of  engine  trouble  (due  to  carburetor  Icing)  in 
operation  on  a  fuel  with  the  additive,  as  against  511  in  operation  on 


fuel  without  the  additive  [52j. 

Autiicing  additives  also  prevent  freezing  of  water  in  gasoline 
tanks  and  fuel  pumps  [31]* 

Also  known  as  antiicing  additives  are  such  ccanpounds  as  dimethyl 
carbinol  with  a  solvent,  branched  glycols,  such  as  2-methylpentane- 
diol-2,4  dimethylformamlde,  glycerine  monooleate,  etc.  [23]. 
b)  Additives  that  prevent  formation  of  ice  crystals  in  aviation  fuels 


Ice  crystals  form  in  both  aviation  gasolines  and  fuels  for  jet 
engines;  this  presents  a  great  danger  in  the  operation  of  aircraft. 


The  use  of  fuel  additives  is  an  excellent  way  to  counter  this  ef¬ 


fect. 

Certain  alcohols,  ethers  and  special  fluids  that  foimj  low-freezing 
mixtures  with  water  [49,  53,  573  n^ay  be  used  as  such  additives. 

The  additives  are  used  in  the  fuel  in  quiantitles  ranging  from  0.1 
to  0.5-1,05^  by  weight. 

TABLE  81 

Rate  of  Solution  of  Ice  Crystals  in 
Fuel  with  Addition  of  Additive  [53  > 
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1 4  Bp«vii 


^  (4^  I  I  »*  UUM 


esasao*. 

Wttli. 


1)  Qiia4Vtlty  of  ice  crystals  in  fuel, 
by  weight;  2)  temperature  of  fuel, 

^G;  3)  quantity  of  additive  added  to 
fuel,  JiS  by  weight;  4)  tl»ne  for  solu¬ 
tion  of  crystals,  minutes* 

Successful  application  of  isopropyl,  or  ethyl  alcohol, 
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tetra-,  penta-  or  hexaethylene  glycols  [23#  1]  and  other  such  compounds 
for  this  purpose  has  been  reported.  Table  8l  shows  the  influence  of 
one  of  the  additives  on  fuel  fllterabillty  at  low  temperatures  and  its 
solvent  action. 

Additives  not  only  prevent  formation  of  ice  orystale  in  the  fuel) 
they  also  eliminate  crystals  that  have  already  formed. 

Antiicing  agents  and  additives  used  to  prevent  formation  of  ice 
crystals  have  no  detrimental  effect  on  other  properties  of  the  fuel. 
ADDITIVES  THAT  PREVENT  ACCUMULATION  OP  STATIC  ELECTRICm  IN  FUELS 

Charges  of  static  electricity  may  form  in  fuels  udien  tanks  are 
filled  or  when  the  fuel  is  transferred  and  filtered.  Due  to  the  low 
conductivities  of  hydrocarbons,  these  charges  are  not  led  away  throtigh 
the  tank  and  apparatus  walls  and  the  strength  of  the  resulting  electric 
field  may  reach  considerable  values. 


TABLE  82 

Conductivities  of  Certain  Petro¬ 
leum  Products  [5^] 


1 

1  8  npo*oa«i««.n*, 

1  ■w.'oa.***'* 

3  ,'^tiTo»t»Sn5Mw3 

1  aoj-i 

i  ACiHfi 

0 

1 

i 

*A  pioooiim  is  10“^^  oto. 

1)  Petioleum  product;  2)  conduc- 

tlvlty,*  plcoohjss  m  ;  3)  auto- 
asobile  gasolisje;  4)  kerosene;  5) 
diesel  fuel;  6)  crude  petroleum-  ■ 

Very  strojig  fields  form  when  petroleum  products  are  pua^d  at 
high  si^eeds,  pai'ticulai'ly  if  ti'sey  are  contaainatM  by  .impurities  or 
contain  water  [54].  Here,  discharge  of  the  static  electricity  isi  tive 
form  of  sparks  my  taice  place,  and  produce  fires  and  essplosions.  la 


TABLE  83 


Concentration  of  Certain  Compounds  Necessary 
to  Produce  Hydrocarbon  Conductivities  of  1000 


plcoohms"^ 

1  Copt 
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V3/1000  M* 

4  Kenaoji  ^ 
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DJliirpoiiH  7 

OjieaT  Mapraniia  . 
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8  Bonaiiu  t 

Paernop  Ca-coan  ak  (2-3TnjiroKcnn)  cyjib^ocyxun* 

niiJioBofl  KitenoTU  (Ca-a3po3oni>) . 

2000 

10BeM3o;i  1] 

,  /^itiiaoiiponn.'ica.nnmtflaT  Ca . . 

2400 

12B0H3nH 

Paernop  Cr-co.in  csiccn  Mono-  n  AHajiKimcaaimn- 

l4BeHaHH  1^ 

noBux  KiicaoT  (Ci*-Ac) . 

1  «AiiTncTaTn'iccKaflr  iipncaAKa  ^npMu 

6,2 

2 

1)  Fuel  grade;  2)  additive;  3)  concentration, 

kg/1000  m^;  4)  benzene;  5)  ammonium  tetraiso- 
amyl  plcrate;  6)  llgroln;  7)  manganese  oleate; 

8)  gasoline;  9)  solution  of  Ca  salt  of  dl(2- 
ethylhexyl)sulfosucclnlc  acid  (Ca-aerosol) ; 

10)  benzene;  11)  Ca  dilsopropylsalicylate ;  12) 
gasoline;  I3)  solution  of  Cr  salt  of  mixture 
of  mono-  and  dlalkylsallcyllc  acids  (Cr-Ac); 

14)  gasoline;  I5)  Shell  "antistatic"  additive. 

the  majority  of  cases,  the  discharges  take  place  at  projecting  parts 
of  the  tank  (corrosion  caverns,  etc.),  and  sometimes  directly  in  the 
body  of  the  liquid  [55 ]•  In  the  majority  of  cases,  inside-tank  explo¬ 
sions  have  been  observed  while  they  were  being  filled,  particularly 
with  severe  agitation  and  when  water  has  been  allowed  to  settle  out. 

Clear  petroleum  products,  i.e.,  all  distillate  fuels,  are  particu¬ 
larly  dangerous  as  regards  accumulation  of  static  electricity,  since 
they  possess  the  lowest  conductivities  (Table  82). 

Additives  that  raise  the  conductivities  of  fuels  [54,  55]  are  em¬ 
ployed  to  eliminate  the  danger  of  explosions  due  to  accumulation  of 
static  electricity. 

The  conductivity  must  be  raised  to  valine  that  guarantee  rapid 
diversion  of  charges  to  the  walls  of  the  appai^atus  and  tanks. 

When  the  conductivity  is  raised  to  20-50  ptcoohras”^  the  elec¬ 
tric  field  is  sharply  weakened.  Wheij  fuels  are  pumped  at  a  speed  of 


~10  m/sec  or  when  they  are  filtered,  the  conductivity  should  be  *««500 
-1  -1 

picoohms  m  to  guarantee  dissipation  of  the  charges.  Petroleum  prod¬ 
ucts  with  conductivities  above  1000  picoohms"*^'  are  safe  as  regards 
static-electricity  accumulation  in  any  operation  [5^]. 

certain  (calcium^  chromium)  salts  of  organic  acids,  oleates  and 
other  compounds  have  been  investigated  for  use  as  additives  to  raise 
the  conductivities  of  fuels  ("antistatic"  additives).  Table  83  lists 
the  concentrations  of  certain  additives  necessary  to  guarantee  safe 
conductivity  values  in  the  fuels. 

The  Ca-aerosol  additive  contains  ^  by  weight  of  calcium  and  55^ 
of  a  neutral  solvent,  and  has  an  average  molecular  weight  of  about  2000. 

The  Cr-Ac  additive  contains  chromium  salts  of  mono-  and  dialky 1- 
salicyllc  acids  whose  alkyl  chains  consist  of  1^-18  carbon  atoms j  the 
additive  contains  2.1%  by  weight  of  chromium  and  30$^  of  neutral  sol¬ 
vent,  and  its  average  molecular  weight  is  about  2500, 

The  phenomenon  of  synergism  is  observed  when  the  additives  re 
mixed:  the  combination  of  additives  is  found  to  be  more  effective  than 
its  components  taken  alone.  The  Shell  additive  has  been  found  most  ef¬ 
fective.  It  is  a  mixture  of  equal  quantities  of  the  Ca-aerosol  additive 
or  and  the  Cr-.Ac  additive  and  contains  ^2%  of  neutral  solvent,  l.(^  by 
weight  of  calciuia  and  1.03%  by  weight  of  chromium. 

It  is  rec<xnmended  that  this  additive  be  used  in  the  fuel  in  quan- 
titles  of  2  l<g  per  1000  m'^  of  fuel.  This  concentration  ensures  safe 
operation  with  the  fuel  regardless  of  conditions.  The  additive  is 
stable  dui'ing  stoT-age.  To  introduce  the  additive  into  the  fuel,  a  solu- 
tion  containing  0,4  kg/m'^  of  fuel  is  prepared  and  then  mixed  with  the 
fuel  In  the  prefer  calculated  quantity.  The  basic  difficulty  encoun¬ 
tered  In  the  use  of  the  additive  is  that  of  storing  it  in  the  fuel  in 
the  presence  of  vmter.  It  was  established  in  a  check  of  the  storability 


TABIiE  84 

Relative  Increase  In  Use  of  Fuel  Additives  in 
the  USA  [22,  23] 
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'^According  to  another  source,  the  quantity  of 
antiscaling  additives  used  in  1959  was  3*6 
thousaiid  tona/year  [1]. 

1)  Additive;  2)  fuel;  3)  amount  of  additive, 
thousands  of  tons  per  year;  3a)  etliyl  fluid 
(antiknock  compound);  4^  automobile  gasolines; 

5)  aviation  gasolines;  o)  antiscaling  additive^; 
7)  antioxidants;  8)  oorroslon  inhibitors;  9) 
jet  fuels;  10)  diesel  fuels;  11)  distillate 
boiler  fuels;  12)  metals  deactivatoi’s  (active 
component);  13)  stabilizer  detergents;  14)  de¬ 
pressors;  15)  dyes. 
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of  the  additive  In  llgroin  tliat  was  being  shipped  by  tanker  that  the 
conductivity  of  the  llgroin  had  dropped  by  the  time  It  had  been  un¬ 
loaded  from  the  tanker  as  compared  with  Its  initial  value  (950  and 
2200  picoohms"^  m“^,  respectively),  but  that  the  conductivity  still 
remained  sufficiently  high  [5^3* 

It  should  be  noted  that  additives  that  raise  the  conductivities 
of  fuels  ensure  protection  from  discharges  only  in  cases  where  low 
■conductivity  of  the  fuel  is  the  chief  cause  of  charge  accumulation  cind, 
consequently,  addition  of  the  additive  to  the  fuel  does  not  eliminate 

:the  necessity  for  grounding  the  tank. 

*  * 

Fuel  additives  deliver  considerable  qualitative  and  economic 
gains,  and  this  has  been  responsible  for  the  intensive  development  of 
their  application.  For  the  sake  of  illustration.  Table  84  presents 
figures  that . characterize  the  relative  increase  in  the  amounts  of  addi¬ 
tives  used  in  the  USA  during  recent  years  and  the  prospects  for  con¬ 
tinued  increase  in  the  next  few  years  [22,  233. 

In  i960,  a  total  of  4o4  thousand  tons  of  additives  were  used;  of 
this,  about  397  thousand  tons  were  used  in  gasolines  and  about  7  thou¬ 
sand  tons  in  other  distillate  fuels. 

Antiknock  substances  compose  the  basic  quantity  of  additives  used 
in  gasolines:  about  358  thousai>d  tons  per  year,  v/hile  the  remaining 
gasoline  additives  malce  up  about  39  thousand  tons  per  year. 
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The  so-called  scale  "modifiers. " 


Chapter  15 
ANTIKNOCK  COMPOUNDS 

Antiknock  compounds  are  additives  that  raise  the  detonation  sta¬ 
bility  of  fuels. 

Metal -organic  compounds  and  organic  materials  (e.g. j  hydrogen 
compounds j  ethers >  and  so  forth)  have  been  Investigated  as  antiknock 
additives.  "Rie  metal -organic  compounds  are "considerably  more  effec¬ 
tive  (Table  85) j  they  are  added  to  gasolines  In  concentrations  ranging 
up  to  several  tenths  of  a  percent. 

Lead  compounds  and  compounds  of  tin,  thallium,  bismuth,  selenium, 
tellurium,  manganese.  Iron,  cobalt,  nickel,  copper,  chromium.  Indium 
and  a  number  of  other  metals  possess  antiknock  properties  (!].  Alkyl 
metals,  carbonyls.  Internal -complex  metal  salts  and  certain  other 
types  of  compounds  have  been  extensively  Investigated  as  antiknock  ad¬ 
ditives  [13*  In  recent  years,  metal-organic  compounds  of  a  new  type  - 
the  cyclopentadienyl  compounds.—  have  come  under  extensive  scrutiny 
[22  -  24,  34,  351. 

Oi^cmlc  antiknock  compounds  are  less  effective  and  are  therefore 
added  to  the  gasolines  in  considerably  larger  concentrations  (ranging 
In  practice  up  to  4^)  [18].  Normally,  organic  compounds  ax*e  employed 
only  in  combination  with  tetraethyl  lead  to  lower  consumption  of  hi^- 
octane  gasoline  components. 

In  addition  to  high  effectiveness,  an  antiknock  compound  must 
have  a  number  of  other  necessary  properties:  satisfactory  solubility 
in  gasolines;  stability  in  storage.  Including  stability  In  gasoline 


solutions;  the  possibility  of  sufficiently  complete  "scavenging"  of 
the  combustion  products  from  the  engine’s  cylinders,  even  though  spe¬ 
cial  scavengers  may  be  required;  adequate  volatility  to  prevent  forma¬ 
tion  of  deposits  in  the  engine's  induction  system,  and  so  forth.  Non- 
toxloity  Is  yet  another  Important  property  of  the  antiknock  compound. 

This  complex  of  specifications  is,  with  the  exception  of  toxicity 
most  completely  satisfied  by  tetraethyl  lead,  which  is,  at  the  present 
time,  the  only  antiknock  substance  that  has  come  into  practical  use. 

Antiknock  agents  are  necessary  for  both  aviation  and  automotive 
gasolines,  although  the  future  of  antiknock  compounds  is  associated 
principally  with  the  development  of  reciprocating  automotive  engines 
[15,  16,  25,  36  —  4l,  43],  since  the  basic  engines  now  in  use  in  avl- 
atlrn  are  jet  types. 


TABLE  85 

Relative  Effectiveness  of  Antiknock  Agents 

[1,  2]* 


OTtlOCHTMU<»R 

1  Au.MC.OM.op.  S  «p.yu  iJt'pnVSS 

ereiteBR  oMmi 

U  OptaHft'uaau 

5  Aimattn .  t3.5 

.5  KciuuaoH  . .  C|H,(Ct},),NU,  tSj3 

8  TcTps9T»4MOio .  Sn((Lit.)|  25.0 

.  SeVC,!!,),  COiO 

10  A*»T«3TM.tjr'P .  TeiQilH  mjH 

11  Terpa»;ap6o«tt3tt{sst.ik  ....  NitCO),  30^0 

Ig  nwtTaKaF5o8R«»e««o  ....  Pt(CO^  500,0 

T«tpunuewttt«ft .  rb(C^t^  00^0 


*The  effectiveness  of  benzene  is  taken  as 
unity. 

1)  Antiknock  compounds;  2}  fomula;  3)  rela¬ 
tive  effectiveness  based  on  critical  compres¬ 
sion  ratio;  4)  oit^anlc;  aniline;  6)  xyli- 
dine;  7)  metal -organic;  8)  tetraethyl;  9)  di- 
eth^fl  selenium;  10)  diethyl  tellurium;  11) 
tetracarbonyl  nickel;  12)  tetracarbohyl  Iron; 
13)  tetraeti^yl  lead. 


TETRAETIOrL  LEAD 

Tetraethyl  lead  wa^  first  prepared  in  1852,  but  not  until  1921 
was  a  practical  application  found  for  it^  and  it  remained  an  uncommon 
laboratory  preparation  [1]. 

In  1921,  Kettering,  Mldgely  and  Boyd  [6]  discovered  the  antiknock 
properties  of  tetraethyl  lead. 

Prom  the  very  beginning,  the  TES  [tetraethyl  lead] -based  anti¬ 
knock  agent  was  produced  in  the  form  of  etl\vl  fluid,  which  is  a  mix¬ 
ture  of  TES  and  lead  "scavengers"  -  halogenoalkyls. 

At  the  present  time,  the  production  of  TES  in  the  USA  runs  to 
about  210  thousand  tons/year  [43]  and  still  shows  a  tendency  toward 
further  increases  (Plg.  126),  as  is  the  case  in  other  countries  as 
well. 

The  industrial  method  of  producing  tetraethyl  lead  is  based  on 
the  reaction  of  a  lead -sodium  alloy  with  etliyl  chloride: 

4Pl»Nt  +  4C,H*a-*Pb(C»H»)*  +  3Pb  +  4N*a. 

Rock  salt,  lead,  and  cracking  gas  or  ethyl  alcohol  are  the  ini¬ 
tial  materials  for  the  production  of  TES  [1]. 

Metallic  sodium  and  chlorine  are  produced  by  electrolysis  of  the 
rock  salt.  The  former  is  fused  with  lead  to  produce  a  lead-sodium  al¬ 
loy  containing  lead  and  sodium. 

Chlorine  is  used  to  produce  hydrogen  chloride*  Ethyl  chloride  is 
obtained  from  hydrogen  chloride  aM  etltylene  (or  eth^l  alcohol)  in  the 
presence  of  a  catalyst*  The  TES  is  produced  by  the  reaction  Indicated 
from  the  alloy  and  ethyl  chloride*  The  tempei'ature  in  the  reactors  is 
held  at  40  —  60*^,  and  the  reaction  takes  §  -  6  hours.  The  ethyl  chlo¬ 
ride  is  taken  in  a  quantity  of  12?^,  figursd  on  the  metallic  aodluffl* 
Dime  thy  lamlne,  triethylamine,  pyridine,  certain  ethers  and  even  me¬ 
tals  such  as  tine  serve  as  the  catalysts. 


Tetraethyl  lead  la  diatilied  with  water  from  a  mixture  of  products. 
Ihe  yield  of  tetraethyl  load  is  appi'oxlmately  80^  on  the  metallic  sodium 
used. 

At  plants  set  in  operation  before  1957#  'KES  Is  produced  In  batch- 


Pig.  126.  Increase  in  TES 
[tetraethyl  lead]  production 
in  the  USA.  l)  TES  produc¬ 
tion,  thousands  of  tonsj  2) 
years. 


type  reactors.  In  recent  years,  a  more 
sophisticated  production  process  has 
been  developed  for 

At  one  of  the  plants  in  the  USA  — 
which  was  placed  in  operation  in  1957 
—  TES  is  already  in  production  by  a 
continuous  process. 

Tetraethyl  lead  is  a  transparent 
colorless  liquid  with  a  specific 
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gravity  d^^  =  1.6524,  boiling  at  200  with  decomposition.  It  is  not 

soluble  in  water,  but  has  good  solubility  in  hydrocarbons,  as  well  as 
in  alcohol,  ether  and  acetone, 

Themal  decomposition  of  TES  forms  metallic  lead  and  the  free 
ethyl  metal : 

PbCC,H*),-*Pb  +  4C,H;. 


At  a  temperature  of  500  -  600®,  TES  decomposes  completely  in  ac¬ 
cordance  vdth  the  above  i*eaetion.  TES  should  be  added  to  gasolines  in 
concentrations  no  higher  than  0.  3  —  0. 456  by  weight  (i.e, ,  3—4  g/kg), 
since  further  increases  in  its  concentration  have  virtually  no  effect 
(Fig.  12?).  Gasolines  of  different  chemical  compositions  are  ciiarac- 
terised  by  different  "receptivities**  to  TES  (Table  86). 

P&raffisdc  hydrocarbons  ai'o  most  susceptible  to  TES;  here,  jxiraf- 
finic  i^ydrocarbcjiS  lower  octane  numbers  are  more  responsive  to 

TBS*  Aromatic  and  unaaturated  Jxydrocarbons  are  ciuiracterised  by  the 
lowest  resporsse  to  TES,  while  the  naphthenic  hydrocarbons  occupy  an 
intermediate  position. 


TABLE  86 

Influence  of  TES  on  Antiknock  Properties  of  Gaso¬ 
lines  [13] 


l*ToaaMao 


^AaKnafieuMJi 

JAaKnaat 

.  Beoanu  B-70  lu  6i- 
KniiCKOx  ue^Tck 
XlBeaanu  rpoaneucKoS 
aapa^naBcToil 
VCfTI 

13B«aaau  KaTiaiiTuae* 
cxoro  Kpetmura 


15B«13UII  TCpilUICCKC' 

ro  Kpexiuirt 


n  npeo&’itAtiOT 

^yracBOAopoAU 


3  OKTaitOBo«  «iiieao  llpii. 
(MOTopiiuQ  uctoa)  npii 
coAPpxtaiiHii  TOC,  ifut  o.*^ot 

O  f... 


0,8  1,6  2,5  33 


ApoHannecKHe  Q .  .  06  08  00,5  100,5  101  5 

llaonapa^nou  P.  .  01  07  101  103  105  14 

Hafteuu  .10.  .  .  70  89  85  87  89  19 

napafiiini  12  ...  59  70  79  84  86  27 


CoAepBHtT  35%  ap<j- 
l4iaTn<iMKnx,  52f4 
dapafattoaaix 

yMCBOAopoAOi  .  .  78  84  88  91  04 

C^epatttr  4S~S0H 
lOieopeAeaMUtx. 

33—44%  napa#** 
uoaux  yraeaoAO* 

paaoa . .  70  79  813  —  — 


1)  Fuel;  2)  hydrocarbons  predominating;  3)  octane 
number  (motor  method)  at  TES  content  in  g/kgj  4) 
octane -number  increase  on  addition  of  3. 3  g/ks  of 
*TBS;  5)  alkylbensene;  6)  aromatic;  7)  alkylate; 

8)  isoparaffins;  9)  B-70  gasoline  from  Baku  pe¬ 
troleums;  10)  naphthenes;  11)  gasoline  from  Qroz- 
nyy  paraffinic  petroleum;  12^  paraffins;  I3)  cat¬ 
alytic-cracking  gasoline;  14)  contains  355^  aro¬ 
matic,  525^  paraffinic  hydrocarbons;  15)  thermal- 
cracking  gasoline;  I6)  contains  45-50J^  of  unsat¬ 
urated  and  39-445^  of  paraffinic  liydrocarbons. 


mnmi\ 


tjt  ifi  ?.i  ijt  41 
'Btmfmma  7$C^  . 

Pig.  127.  Increase  in  oc¬ 
tane  number  and  perfor¬ 
mance  number  (on  rich  mix¬ 
ture)  due  to  addition  of 
TS3  to  a  mlxtur*  of  68j^ 
aviation  base  and  al¬ 
kylate.  1)  Performance  num¬ 
ber;  2)  octane  number.  A) 
Octane  number:  B)  TES  con¬ 
tent,  g/kg;  C)  perfonocunce 
number. 


TES  is  more  effective  in  raising 
perforniance  number  than  octane  number 
in  gasolines  (see  Fig.  127)- 

Wtiea  sulfur  compounds  are  pre¬ 
sent  in  gasolines,  their  receptivity 
to  TES  diminishes  (Fig.  120);  during 
storage,  deposits  precipitate  from 
ethylated  gasolines  and  the  TES  con- 
centi'ation  diminishes.  The  sti'ons^^t 
•’antagonists"  of  TBS  among  the  sulfur 


or-.-npoun<is  are  the  mex’captans  and  disulfides; 
these  are  followed  by  the  thiophanes,  sul¬ 
fides  and  thiophenes.  The  aromatic  sulfides 
and  disulfides  are  less  active  in  this  re¬ 
spect  than  the  corresponding  alkyl  sulfides 
and  disulfides. 

The  detrimental  Influence  of  sulfur 
compounds  on  the  antiknock  properties  of 
ethylated  gasolines  is  apparently  to  be  ac¬ 
counted  for  by  the  fact  that  the  sulfur  com¬ 
pounds  enter  into  reaction  with  the  dur¬ 
ing  preparation  of  the  mixture  in  the  engine 
and  even  earlier  -  during  storage  of  the  gasolines  for  axample,  ac¬ 
cording  to  the  reaction 

(C,Hft)4  +  4as«  -» Pb  (SR)*  +  4C,H, 
and  lower  the  TES  concentration  [3}. 

MECKANISK  OF  ANTIKNOCK  ACTION 

Simultaneously  with  development  of  the  theoi'y  of  detonation  (see 
Chapter  ?),  a  theory  was  also  developed  to  account  for  the  mechanism 
by  which  antiknock  agents  act  [i,  4}. 


Fig.  128.  Decrease  in 
receptivity  of  gaso¬ 
lines  to  ethyl  fluid 
in  the  presence  of 
sulfur  compounds  [3l. 
1)  Butyl  mercaptan; 

2'  dibutyl  mercaptan; 
3/  dibuty)  sulfide; 

4)  thiophene.  A)  oc¬ 
tane  number;  B)  sul¬ 
fur,  JJS. 


The  coiiditlons  under  which  tetraeUiyl  lead  decomposes  were  clari¬ 
fied  as  a  result  of  research  bjr  vas’^ious 
authors. 

The  decomposition  of  TES  begins  at 
Cl].  The  I'eactlon  of  thei^l  decompo¬ 
sition  Of  ISS  ir.  the  gaseous  phase  is  mono- 

Fig.  129.  O.^idation  of  sioiecular. 
n -heptane  in  the  prie- 

sence  of  ethyl  fluid  tliermal  deccmposition  of  1SS  (like 

*3]*  2)  peroMdes, 

2)  temperature,  *^C.  that  of  other  metal -Ot^anlc  co^^unds 


of  lead,  tin  and  mercury)  is  autocatalytlc  and  is  accelerated  on  In¬ 
troduction  of  finely  dispersed  lead. 

In  the  presence  of  TES,  the  concentration  of  the  peroxides  formed 
does  not  decline  In  hydrocarbon  vapors  when  they  are  oxidized  at  temp¬ 
eratures  below  200°  (Pig.  129);  as  the  temperature  and  decomposition 
rate  of  TES  Increase,  the  concentration  of  the  peroxides  drops  off 
sharply  [2,  3]. 

On  the  basis  of  the  detonation  theory  (see  Chapter  7)  that  he  de¬ 
veloped,  A. S.  Sokolik  [2]  proposed  the  following  explanation  for  the 
mechanism  by  which  metal-organic  antiknock  agents  of  the  tetraethyl¬ 
lead  type  exert  their  influence.  The  first  stresses  the  important 
role  that  must  be  taken  by  free  radicals  formed  during  decay  of  the 
metal -organic  antidetonator.  The  introduction  of  free  radicals  should 
accelerate  the  chain  process  c  ,  eroxlde  decomposition  in  the  cold- 
flame  stage  and  reduce  the  ccncentratlon  of  these  peroxides.  It  has 
been  shown  experimentally  that  the  introduction  of  TES  into  an  alr- 
and -hydrocarbon  mixture  sharply  weakens  the  primary  cold  flame,  pro¬ 
longs  the  secondary-i!lam.e_jde,lay  and,,  finally,  inhibits  development  of 
the  hot  explosion,  shifting  Its  range  toward  higher  pressures. 

The  ability  of  the  radicals  fomed  on  decomposition  of  TES  to 
accelerate  decomposition  of  the  peroxides  was  demonstrated  experimen¬ 
tally  In  experiments  conducted  In  the  liquid  phase  [4].  In  this  case, 
formation  of  metallic  lead  is  apparently  excluded,  and  accereratlon  of 
the  peroxide -decay  process  takes  place  solely  as  a  result  of  the  ac¬ 
tion  of  the  free  radicals  liberated  in  the  decomposition  of  TES. 

According  to  A.  S.  Sokolik,  the  role  acquired  by  the  metal  in  com¬ 
plete  decomposition  of  TES  comes  into  evidence  in  the  later  stages  of 
the  self-ignlticn  process  of  the  fuel-air  mixture  and  amounts  to  de¬ 
activation  of  the  active  particles  formed  in  explosive  decomposlllcn 


B  MaKCum/tbHan  meMnepamupa 
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Pig.  130.  Influence 
of  chemical  composi¬ 
tion  of  fuel  on  de¬ 
composition  of  tetra¬ 
ethyl  lead.  1)  Dliso- 
butylenej  2)  isooc- 
tane;  3)  90^  isooc¬ 
tane  +  10%  n-heptane. 
A)  Undecomp’osed  'TES, 
%;  B)  maximiim  temp¬ 
erature  of  cycle,  OR. 


the  pre -flame  stages  of 


of  the  pero.xldes. 

Certain  features  of  the  action  of  anti¬ 
knock  agents  can  be  explained  on  the  basis 
of  the  above  premises. 

A8  tha  (ESS  oonoentratlon  in  the  fuel 
rises,  the  rise  in  the  antiknock  effect  be¬ 
comes  slower  (see  Pig.  127),  and  when  a  cer¬ 
tain  concentration  limit  is  exceeded,  fur¬ 
ther  addition  of  TES  may  even  encourage 
knocking.  These  effects  are  apparently  to  be 
accounted  for  by  an  Increase  in  the  free- 
radical  concentration  with  Increasing  con¬ 
centration  of  TES  in  the  fuel;  these  radi¬ 
cals  are  foimied  on  decomposition  of  TES  in 
the  process.  The  free  radicals  can  accelerate 


not  only  the  decomposition  of  peroxides,  but  their  formation  as  a  re¬ 
sult  of  initiation  of  hydrocarbon  oxidation.  V/lth  increasing  concen¬ 
tration  of  TES  above  a  certain  limit,  the  latter  process  comes  to  pre¬ 
dominate  over  the  former. 


At  very  high  TES  concenti'atlons,  there  is  a  probability  that 
single-stage  volume  ignition  takes  place  as  a  result  of  a  sharp  drop 
in  activation  energy  due  to  Injection  of  large  quantities  of  active 
initial  centers  into  the  gas  [2]. 


Different  hydrocarbon  groups  have  differing  receptivities  to 
TES.  The  insignificant  Improvement  of  the  antiknock  properties  of 
olefins  and  the  absence  of  any  positive  effect  on  addition  of  TES  to 


dlolefins  can  be  accounted  for  by  the  instability  of  the  hydroxides  of 
these  hydrocarbons  and  their  easy  decomposition  to  form  inactive  pro¬ 
ducts  even  without  assistance  from  TES. 


It  has  been  shown  experimentally  [3]  that  during  the  pre -flame 
process  in  the  engine,  TES  introduced  into  a  solution  of  an  olefin  — 
diisobutylene  -  is  *' consumed'*  at  a  rate  lower  than  when  it  is  intro¬ 
duced  into  the  engine  in  an  isooctane  solution  (Pig.  I30). 

Benzene  does  not  form  peroxides,  so  that  its  octane  number  is  not 
raised  by  addition  of  TES  [7]. 

The  mechanism  by  which  other  antiknock  agents  act  has  not  yet 
been  adequately  illuminated  at  the  present  time. 

LEAD  "SCAVENGERS"  AND  ETHSTL  FLUID 

During  combustion  of  gasoline  containing  TES,  lead  oxide,  which 
has  a  low  "volatility,"  forms  in  the  engine;  since  the  melting  point 
of  lead  oxide  is  rather  high  ( 888^ ) ,  some  of  i t  (about  lO^  figured  on 
the  lead  introduced  with  the  gasoline  [28])  is  deposited  in  the  form 
of  a  solid  precipitate  onto  the  combustion-chamber  walls,  spark  plugs 
and  valves;  this  quickly  puts  the  engine  out  of  commission. 

Consequently,  the  widespread  practical  use  of  TES  as  an  antiknock 
agent  became  possible  only  after  Midgely  applied  special  additives  to 
the  TES  -  the  alkylhaiides  (CgH^Br  and  CgH^^Brg)  -  which  came  to  be 
known  as  lead  "scavengers. "  The  function  of  the  "scavengers"  consists 
in  converting  the  products  of  oxidative  decomposition  of  TES  (metallic 
lead  and  lead  oxide)  into  "volatile"  halogen  compounds  of  lead  that 
have  considerably  higher  vapor  pressures; 

2C,H,Br-f2C,H*  -1-  2HBt, 

PbO;^-  2HBr-*PbBf,  H,0. 

Pb>|2^:Bt-»PbBr,4..H,. 

The  melting  points  of  halogen  compounds  of  lead  are  rather  low 
(e.g. ,  370®  foj?  PbBTg);  under  the  temperature  conditions  of  an  engine, 
these  compounds  are  in  the  vapor  state.  It  is  believed  [28]  that  the 
most  complete  scavenging  of  lead  from  the  engine  should  be  ensured 
the  themally  least  stable  compounds,  which  are  capable  of  docompos.  . 
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quite  completely  even  during  the  ccmpreas.l.on  stroke,  with  liberation 
of  the  hydrogen  halide  (see  above)  or  the  free  halogen.  * 


For  the  alkylhalides an  increase  in  the  number  of  halogen  atoms 
in  the  molecule  lowers  their  thermal  stability  and,  as  has  been  shown 


by  direct  experiment  on  an  engine,  increases  their  effectiveness  as 


lead  scavengers  (Pig.  131)  [28]. 


Pig.  131*  Influence  ex¬ 
erted  by  degree  of  substi¬ 
tution  of  hydrogen  by  bro¬ 
mine  in  halogen  carrier 
upon  deposition  of  lead  in 
engine  combustion  chamber 
[28].  B-78  gasoline  +  5  ml 
of  TES  (2. 5  centiraoles  or 
8.246  g)  per  1  kg  of  fuel. 
a)  Lead,  %  of  quantity  in¬ 
troduced  with  i'uelj  b) 
number  of  bromine  atoms. 


However,  Macauley  writes  [29]  that 
it  is  unfortunately  not  possible  to 
choose  the  TES  scavengers  from  among 
the  compounds  that  are  most  effective 
as  scavengers,  basically  for  two  rea¬ 
sons. 

Firstly,  thermally  unstable  halo¬ 
gen  compounds  are  "antagonists"  to  TES 
and  depress  the  octane  number  of  eth¬ 
ylated  gasoline  by  a  considerable  mar¬ 
gin,  For  example,  the  tertiary  compounds 
are  the  thermally .least  stable  among  the 
alley Ichlorides;  on  addition  of  tertiary 


butyl-  and  amylchlorides  00  etliylated  gasoline  in  proportions  close  to 


stoichiometric,  the  octane  number  of  the  gasoline  is  reduced  by  2-6 


points. 


The  mechanism  of  this  effect  is  not  yet  sufficiently  clear.  It  is 
assumed  [3]  that  the  thermally  stable  halogen  compounds  form  the  hy¬ 
drogen  halide  (or  halogen)  at  too  low  temperatures,  and  that  these  en¬ 


ter  into  reaction  with  the  TES,  reducing  its  concentration  in  the 


fuel-air  mixture.  This  assumption  is  confirmed  by  the  fact  that,  for 
example,  HCl  is  a  stronger  "antagonist"  to  TES  than  are  the  alkylchlo- 
rides  [30], 


Second  ly^,  the  halogen -organic  compounds 


Pig.  132,  Influ¬ 
ence  exerted  by 
scavenger  con¬ 
centration  on 
quantity  of  scale 
formed  in  combus¬ 
tion  chamber  with 
engine  operating 
on  ethylated  gas¬ 
oline  [17]  (con¬ 
ditions  same  as 
for  Pig.  6).  1) 
Dibromoe thane j 
2)  dlchloroe- 
thane.  A)  Weight 
of  scale,  igj  B) 
content  of  scav¬ 
enger,  centimoles 
per  1  kg;  C)  stoi¬ 
chiometric  pro¬ 
portions. 


that  are  most  effective  as  scavengers  may  react 

_ with  TES  even  at  the  temperatures  of  storage; 

here,  deposits  form  in  ethyl  fluid  and  in  eth¬ 
ylated  gasolines.  Even  Midgely  observed  these 
phenomena  on  addition  of  carbon  tetrachloride  to 
TES.  After  1945,  the  firm  "Ethyl  Corporation" 

-  tested  45  new  lead  scavengers,  but  none  of  them 

- was'fouYTd  satisfactory,  basically  because  of 

theija.  tendency  toward  undesirable  reactions  with 
TES  under  the  conditions  of  storage  [29].  Such 
compounds  as  1,1,2-trlbromoethane  and  1,1,2,2-te- 
trabromoethane  have  also  gone  unused  for  the 
same  reason  [31]* 

At  the  present  time,  only  alkylhalldes  with 
1-2  halogen  atoms  and  2-3  carbon  atoms  in  the 
molecule  (ethyl  bromide,  dibromoethane,  dlchlo- 
roe thane,  and  1,2-bromopropane,  see  Table  87) 
are  used  in  practice  as  lead  scavengers. 

The  introduction  of  the  scavengers  together 


with  the  TES  into  gasolines  in  the  stoichiometric  proportions  (2  atoms 
of  halogen  per  1  lead  atom)  raises  the  degree  to  which  the  lead  is 


scavenged  from  the  combustion  chamber  to  97-98^  [28]  (as  against  9OJS 
without  the  scavenger),  and  has  no- Influence  on  the  gasoline’s  octane 


number;  the  latter  does  not  change  even  when  the  scavenger  concentra¬ 
tion  is  doubled  [30]. 


When  the  scavenger  concentration  is  raised  above  the  stoichiome¬ 
tric  level,  the  degree  to  which  lead  is  scavenged  from  the  combustion 
chamber  is  Increased  by  an  additional  small  amount  (Pig.  132). 
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However,  substantial  increases  In  the  scavenger  concentration  in 
the  gasoline  are  not  permissible  because  of  the  Increased  combustion- 
chamber  corrosion  by  the  residual  free  hydrogen  halide  formed  on  de¬ 
composition  of  the  scavenger.  Thus,  it  was  established  in  tests  on 
aviation  engines  [32]  that  an  increase  of  the  scavenger  content  in  the 
ethyl  fluid  by  a  factor  of  1.  5-2  over  the  stoichiometric  proportions 
results  in  considerable  acceleration  of  spark-plug  and  valve  attri¬ 
tion.  After  18  hours  of  operation  of  an  aviation  engine  on  ethylated 
gasoline  with  a  doubled  content  of  scavenger,  the  rate  of  valve  corro¬ 
sion  was  5-6  times  that  observed  in  an  engine  operating  on  a  gasoline 
with  the  normal  scavenger  content  [32],  although  the  quantity  of  the 
deposits  in  the  first  engine  was  much  smaller.  Normally,  the  scavenger 
excess  is  about  10-155^  over  the  stoichiometric  composition  for  those 
types  of  ethyl  fluids  in  which  only  bromine  compounds  are  used  as 
scavengers  (aviation  ethyl  fluid).  If  the  ethyl  fluid  contains  alkyl - 
chlorides  and  alkylbromides  as  scavengers,  the  scavenger  content  is 
made  larger  relative  to  the  amount  of  TES.  Thus,  1  mole  of  dichloro- 
ethane  and  0.5  mole  of  dibromoethane  are  required  per*l  mole  of  TES  in 
American  automotive  ethyl  fluid  [30]V 

This  is  accounted  for  by  the  fact  that  the  alkylchlorides  are 
considerably  less  effective  as  lead  scavengers  them  the  alkylbromides j 
this  can  be  seen  even  from  Pig.  132.  A  particularly  distinct  differ¬ 
ence  between  the  effectivenesses  of  chlorine  and  bromine  scavengers 
came  to  light  in  tests  of  a  GAZ-MM  automotive  engine  on  gasolines  con¬ 
taining  3  ml/kg  of  ethyl  fluid  with  two  different  scavengers  —  ethyl 
bromide  and  dichloroe thane  [33*  The  engine  operated  normally  for 
2k7  hours  on  the  ethylated  gasoline  with  ethyl  bromide  (the  entire 
test  period).  In  the  engine  tested  on  the  gasoline  containing  dichloro- 
ethane  as  a  scavenger,  the  plugs  failed  after  only  10  hours  of  opera- 
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tion  as  a  result  of  lead  deposition,  and  the  valves  burned  out  after 
76  kours. 

TABLE  87 

Physical  Properties  of  Lead  Scavengers  [1] 


inoiUMTeaB 


BpoMeniii|  J^6po>t-  XaopnoTui! 


gyAMbBuft  lec  apB20*'G  .  .  . 
7  BjnxocTh  npn  is**  C,  eem  .  .  . 

oTeMneptTypa  Knneiinii,  *0  .  . 

9  Teunepatypa  OAaaaenua.  *C  . 
lOynpyrocTb  napoa  no  PeflAy 
npn  20*  G,  «JM  pr.  ct.  .  .  . 


2.182 

1.88 

131.7 

+10 


0,8043 
•  0,28 
12.5 
-138.7 


141,6 

-55,5 


a75  1044,24 


1)  Indicator;  2)  ethyl  bromide;  3)  dlbromo- 
ethane;  4)  ethyl  chloride;  5)  dlbromopropane; 

6)  specific  gravity  at  20OC;  7)  viscosity  at 
15*^0,  cst;  8;  bollirig  point,  ^C;  9)  melting 
point,  ®C;  10)  Reid  vapor  pressure  at  20^0, 
mm  Hg. 

The  lower  effectiveness  of  alky Ichlor ides  as  lead  scavengers  as 
compared  with  the  alkylbromldes  is~acc'ounted  for  by'  the  lower  ** vola¬ 
tility'*  (1. e, ,  lower  vapor  pressure)  of  the  chlorine  compounds  of  lead 
as  compared  with  its  bromine  compounds  [33]. 

Aside  from  their  effectiveness,  the  scavengers  differ  in  a  number 
of  physical  properties  that  are  important  from  an  operational  stand¬ 
point  (Table  87). 

Dlbromopropane,  which  has  a  boiling  point  near  that  of  TES,  is  a 
superior  scavenger;  the  curves  of  vapor  pressure  as  a  function  of 
temperature  for  dlbromopropane  and  TES  are  also  similar,  and  this  en¬ 
sures  the  most  uniform  metering  of  TES  and  scavenger  among  the  cy¬ 
linders  of  the  engine  [3].  Unlike  ethyl  bromide,  dlbromopropane  does 
not  evaporate  from  the  gasolines  during  storage  and,  unlike  dibromo- 
ethane,  it  does  not  crystallise  out  of  the  ethyl  fluid  when  the  temp¬ 
erature  drops  below  -5  to  -8®. 

TYPES  OP  ETHYL  FLUID 


The  different  types  of  ethyl  fluid  contain  different  scavengers 
(Table  88).  The  basic  types  of  ethyl  fluid  have  not  undergone  any  es¬ 
sential  changes  in  the  postwar  years,  either  as  regards  their  com¬ 
position  or  as  regards  their  standardized  physicochemical  indices. 

The  new  type  P-2  ethyl  fluid,  which  contains  dibromopropane  as  a 
scavenger  and  is  su^/erior  to  other  types  of  ethyl  fluid  by  virtue  of 
its  operational  properties,  has  been  developed  in  the  USSR. 

Only  bromine -based  scavengers  are  employed  in  the  USSR.  A  mixture 
of  alkylbromldes  and  chlorides  is  used  in  the  automotive  fluids  pro¬ 
duced  in  the  USA  and  other  countries.  1  ml  of  R-9  fluid  is  equivalent 
in  antiknock  effect  to  0.8  ml  of  1-TS  fluid  or  0.9  ml  of  P-2  fluid. 

Two  new  problems  that  are  of  great  practical  importance  for  op¬ 
erations  arose  during  the  postwar  years  in  application  of  ethyl  fluid 
and  ethylated  gasolines.  It  was  found  that  during  storage,  the  ethyl 
fluid  may  undergo  "aging. "  The  content  of  trialkyl  lead  compounds  in  , 
it  increases  sharply,  and,  after  a  certain  time,  a  deposit  consisting 
of  various  Insoluble  lead  compounds  makes  its  appearance. 

Ethylated  gasolines  are  stabilized  with  antioxidants  to  prevent 
decomposition  of  TES  during  their  storage.  The  receptiveness  of  gaso¬ 
lines  containing  "aged"  ethyl  fluid  to  antioxidants  diminishes  sharply 
and  the  stability  level  of  the  ethylated  gasolines  to  which  this  ethyl 
fluid  is  added  drops  accoixilngly. 

Accordingly,  the  [Soviet]  technical  specifications  provide  for 
introduction  of  the  ethyl  fluid  at  the  point  at  which  the  antioxidant 
(^-hydroxydlphenylamine)  is  produced  in  a  concentration  of  0.02-0. 035^ 
by  weightj  this  prevents  aging  of  the  ethyl  fluid  during  storage.  Si¬ 
multaneously,  provision  is  made  for  determining  the  stability  period 
of  the  solution  of  stabilized  ethyl  fluid  in  n-heptane  at  the  point  of 
production.  The  stability  period,  i.e. ,  the  time  from  the  beginning  of 
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TABLE  88 

Composition  of  Various  Types  of  Ethyl  Fluid 
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l)  Components;  2)  fluids  used  in  USSR;  3)  H-9; 

4)  1-TS;  5)  P-21-6)  -fluids  used  in  USA,  Eng¬ 
land,  and  West  Germany  [l8,  1,  26,  27] j  7)  1-T 
aviation;  8)  0-62  automotive;  9)  type  I;  10) 

TES  in  ^  by  weight  no  less  than;  11)  ethyl 
bromide  in  ^  by  weight  no  less  than;  12)  dl- 
bromoethane  in  ^  by  weight  no  less  than;  13) 
dlchloroe thane  in  %  by  weight  no  less  than; 

14)  dibromopropane  in  by  weight  no  less  than; 

15)  a-^onochloronaphthalene,  $  by  weight;  l6) 
dyes,  ^  by  weight;  17)  vehicle  (kerosene  or 
gasoline);  18)  remainder  (to  100^). 

oxidation  of  the  heptane  solution  of  ethyl  fluid  at  100°  to  the  onset 


of  decomposition  of  the  TES,  as  determined  from  the  turbidity,  should 


be  no  less  than  7  hours. 


Problems  related  to  the  decomposition  of  TES  in  aviation  gasoline 
during  storage  are  considered  in  detail  in  Chapter  18. 

In  automotive  engines  having  high  compression  ratios  (a  =  9  to 
12),  the  problem  of  scaling  acquires  great  practical  Importance,  With 
the  engine  operating  on  ethylated  gasoline,  scales  consisting  'of  60- 
90$^  lead  fom  in  the  oombuetion  chamber  and  cause  serious  difficulties 
In  operation.  Glowing  scale  particles,  are  sources  of  spontaneous,  un¬ 
controlled  "surface"  ignition  of  the  mixture.  These  scales  oonti'lbu 


to  premature  failure  of  spark  plugs  and  raise  the  octane-number  re- 


quireraent  of  the  engine. 

The  addition  of  special  phosphorus -containing  additives  to  eth¬ 
ylated  automotive  gasolines  is  a  rather  effective  way  of  countering 
the  detrimental  influence  of  scale  on  engine  operation. 

Phosphorus  is  the  most  effeotive  of  the  known  "antagonists"  of 
TESj  consequently,  the  phosphorus  additives  should  be  introduced  in 
minimal  concentrations  in  order  not  to  depress  the  antiknock  proper¬ 
ties  of  the  gasolines  [30]. 

PENTACARBONYL  IRON  (PKZh)  AND  DICYCLOPENTADIENYL  IRON  (FERROCENE) 

Pentacarbonyl  iron  Pe(CO)^  is  one  of  the  first  metal -organic  an¬ 
tiknock  agents  subjected  to  extensive  testing  in  engines  after  TES 
[17].  The  antiknock  properties  of  pentacsu:*bonyl  iron  (PKZh)  were  dis¬ 
covered  at  the  beginning  of  the  nineteen-twenties. 

Pentacarbonyl  iron  is  produced  as  a  result  of  the  reaction  of 
carbon  monoxide  with  reduced  metallic  iron  at  high  pressures  and  temp 
eratures,  ' 

Pentacarbonyl  iron  is  a  pale  yellow  liquid  with  a  specific  grav¬ 
ity  d^^  =  1. 457j  a  boiling  point  of  102.  5° >  and  a  melting  point  of 
-21° j  it  is  not  soluble  in  water.  It  decomposes  in  light  with  forma¬ 
tion  of  a  solid  precipitate  Pe(C0)g,  which  is  capable  of  self-igni- 
tioni  it  is  nontoxic,  Pentacarbonyl  iron  is  about  15-20J5  inferior  to 
TES  as  regai*ds  effectiveness  (see  Table  85);  it  is  usually  added  to 
the  fuel  in  a  concenti^ation  of  0.2-0. 8^  by  volume. 

Tests  of  automotive,  aviation  and  tractor  [17]  engines  operating 
on  fuels  with  PKZh  showed  that  deposits  of  ferric  oxide  form  in  the 
engi.ne’s  combustion  chambers  and  result  in  premature  wear  and  burnout 
of  the  valves.  Halogen  compounds  ai*e  not  effective  as  scavengers  with 
respect  to  PKZh.  On  combustion  of  a  fuel  containing  PKZh  and  halogen 
compounds,  it  is  basically  PSpOo  that  forms  rather  than  the  halogen 


compounds  of  iron  [2],  Due  to  the  lack  of  effective  scavengers,  PKZh 

has  not  come  into  practical  use  as  an  antilcnock  agent* 

Another  iron  antiknock  agent  that  was 

widely  tested  in  the  nineteen-fifties  is  di- 

oyolopentAdlenyl  Iron  Pe( which  ia 

also  known  as  ferrocene.  Ferrocene  was  first 

synthesized  in  1951  [19,  22-23]. 

0.1 

Ferrocene  is  a  yellow  crystalline  sub- 

Pig.  133.  Effective-  stance  having  a  melting  point  of  174°  and  a 
ness  of  ferrocene  and 

PKZh.  1)  Ferrocene;  2)  boiling  point  of  249°;  it  begins  to  distill 
PKZh.  A)  Octane  num¬ 
ber  of  gasoline;  B)  over  100°;  thermally,  it  is  highly  stable; 

concentration  of  ad¬ 
ditives,  ^  by  weight.  its  vapors  do  not  decoinpose  on  heating  to 

470°. 

Ferrocene  has  good  solubility  in  hydrocarbons  and  produces  stable 
gasoline  solutions;  it  is  nontoxic  [20], 

One  of  the  industrial  methods  of  producing  ferrocene  is  that 
based  on  the  reaction  of  ferrous  chloride  with  cyclopentadiene  in  the 
presence  of  substances  that  combine  the  hydrogen  chloride  that  is  lib¬ 
erated  in  this  process  (diethylamine,  sodium  ethylate)  [20,  21]. 

As  an  antiknock  agent,  ferrocene  is  weaker  than  TES  and  approxi¬ 
mately  equivalent  to  PKZh  (Fig.  133);  unlike  the  latter.  It  has  the 
ability  to  raise  the  octane  numbers  of  even  ethylated  gasolines. 

On  addition  of  0. 1556  by  weight  of  ferrocene  to  a  direct-distilled 

gasoline  from  ‘luymazyy  petroleum,  the  octane  number  of  the  gaso¬ 
line  was  raised  from  46  to  6l  [23];  the  presence  of  sulfur  compounds 
in  the  gasoline  has  virtually  no  influence  on  the  "receptivity"  of  the 
gasoline  to  ferrocene  [24], 

However,  there  is  little  prospect  of  practical  application  for 
ferrocene,  since,  like  pentacarbonyl  iron,  it  forms  ferric  oxide  on 


combustion;  this  oxide  Is  deposited  In  the  engine  and  shortens  its 
service  life  [20,  24], 


Ferrocene  may  be  used  as  an  antiscaling  additive  for  Jet  fuels 
and  as  an  additive  to  fuels  for  kerosene  lamps,  increasing  their 
candle  power  without  inoreaelng  the  amount  of  smoke  formed. 
INTRACOMPLEX  COPPER  COMPOUNDS 

The  metal -organic  compounds  of  certadn  metals,  including  copper, 
that  possess  adequate  solubility  in  gasoline  and  are  stable  against 
oxidation  may  be  produced  only  in  the  form  of  the  so-called  intracom¬ 
plex  compounds. 

Cyclic  compounds  in  which  the  metal  is  linked  with  one  terminal 
group  by  an  ionic  bond  and  with  the  other  by  a  coordination  bond  are 
also  known  as  intracomplex  compounds;  examples  are  derivatives  of 
aminomethylene  ketones  (l),  salicylalimines  (ll),  acylamidines ,  and 


the  like: 


The  antiknock  properties  of  intracoraplex  copper  salts  were  dis¬ 
covered  in  Holland  and  investigated  in  many  countries  from  1931-1942 
[10-12]. 

Intracomplex  salts  of  copper  are  chai'asteriacd  by  rather  iiigh  an 
tlkiiock  effectiveness.  On  addition  to  automotive  gasoline  with  an  oc¬ 
tane  number  of  54.8,  ccwnpounds  of  type  I  in  concentrations  correspond 
Ing  to  a  content  of  0. 1^  of  copper  in  the  gasoline,  the  octaiie  number 
Is  raised  to  64,6. 

However,  the  patents  indicate  [12]  that  type  1  compounds  are  nev 
ertheless  unstable  in  storisgc;  to  pi’event  foimtion  of  deposits,  it  1 


recommended  that  stabilizers  —  aromatic  amines  In  concentrations  of 
5-lOj^  —  be  added  to  them. 


The  problem  of  the  possibility  of  "scavenging”  copper  from  the 
engine's  combustion  chamber  Is  not  elucidated  In  the  literature.  It  is 
known  [ 13 ]  that  the  Introduction  of  even  traces  of  copper  salts  into 
gasolines  sharply  accelerates  their  oxidation.  Consequently,  gasolines 
containing  0.  Ijg  of  copper  tar  quite  rapidly  during  storage  and  may 
form  tarry  deposits  In  the  engine's  Induction  system.  Intracomplex 
copper  salts  have  not  come  Into  practical  use. 

MANGANESE  METHyLCYCLOPENTADIENYL  TRICARBONYL  (MD-CMT  OR  AK-33X) 

In  1957>  the  firm  "Ethyl  Corporation"  (USA)  patented  a  new  type 
of  antiknock  compound  -  cyclopentadlenyl  tricarbonyl  compounds  of 
manganese  having  the  general  formula  AMn(C0)2j  the  cyclopentadlenyl 
group  A  may  contain  from  5  to  17  carbon  atoms. 


TABLE  89 

Physical  Properties  of  Cyclopentadlenyl 
Tricart)onyl  Compounjs  of  Manganese  (34) 
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1)  Property;  2)  cyclopentadlenyl  tricar¬ 
bonyl  Enanganese;  3)  methylcyclopentadl- 
enyl  tricarbonyl  aiattganese  (AK-33K);  4) 
density;  5)  meltii^g  point,  6;  boil¬ 
ing  point,  oc. 


The  requir«aents  set  forth  for  antiknock  compounds  as  regards 
their  complex  of  physicochemical  properties  (Table  89)  is  most  fully 
satisfied  by  manganese  methylcyclopentadien^^l  tricai’bonyl 


CH,*CKHhMn(CO)*,  which  was  designated  AK-33X  and  is  also  known  b;? 


abbreviation  MD-CMl’  (methyl  derivative  of 
cyclopentadlenyl  manganese  tricarbonyl 
E423). 

Manganese  cyclopencadienyl  tricar - 
bonyl  is  a  solid ^  while  AK-33X  ie  a  low- 
viscosity  amber  liquid;  AK-33X  is  not  sol¬ 
uble  in  water,  dissolves  readily  in  or¬ 
ganic  solvents  at  room  temperature,  and  is 
stable  to  the  action  of  air  and  light.  The 
raw  materials  for  production  of  AK-33X  are 
methylcyclopentadiene,  manganous  chloride 
and  carbon  monoxide.  AK-33X  is  superior  to 
TES  (Pig.  13^)  [3^,  35]  as  regards  its  ef¬ 
fectiveness  (on  comparison  in  concentra¬ 
tions  by  weight)  by  a  factor  of  approximately  2  if  the  octane  numbers 
of  the  gasolines  are  determined  by  the  research  method;  the  increase 
in  the  octane  numbers  of  gasolines  as  determined  by  the  motor  method 
is  approximately  the  same  for  both  antiknock  agents.  Increajitig  the 
concentration  of  AK-33X  in  the  gasoline  to  more  than  0.5  g/liter  is  no 
longer  effective. 

The  AK-33X  antiloiock  agent  raises  even  the  octane  number  of  eth¬ 
ylated  gasollno;  this  is  one  of  its  retsiarkable  properties  (Fig,  134). 
The  different  groups  of  hy<irocai*boii3  array  themselves  in  the  same 
oixier  of  s'*eeeptiverse3s  to  AK-53X  additives  as  for  TES  additives;  spe¬ 
cifically,  the  pai'affins  ar.d  nai^thenes  have  the  highest  receptiveness. 


Pig.  134.  Xncrea.>e  in 
octane  number  of  gaso¬ 
line  on  addition  of 
TES  and  AK-33X.  l)  Oc¬ 
tane-number  increase 
(research  method);  2) 
quantity  of  metal  per 
1  liter,  g;  3)  M*'  with 
0.8  ml/liter  of  TES; 

4)  Mn  with  0.026  ral/11- 
ter  of  TES;  5)  Mn  (a- 
lone);  6)  TES  (alone). 


while  the  aromatics  respond  csich  more  poorly;  the  receptivity  of  the 


olefins  varies  over  a  vci'y  wide  ra;\g*  as  a  fUi.ction  of  their  structure. 
Figure  135  shows  the  increase  in  the  oclarie  numbers  of  individual  hy¬ 
drocarbons  that  already  contain  TSS  (0.8  ml/liter)  on  additional  intro- 
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ductlon  of  the  manganese  antiknock 
agent. 


I 

I 


l,Z,k-mpuMemiume»n(a1l^'*\ 
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K 

HuMtonenmaH  HZ,1 

MemuntiUMoneHmoH  fOifi 

'  1 


^  [■  Z,3-duMema/i6tf/neif-f  35^!^ 


f 


■|: 

.0Kmen-t 


5  V 
i'lodnwiMue  omnaHodou 
vuc/ia  (ucaied.nenieB) 
Sjm  0,026t  Un  no  t/i 


Despite  Its  high  effective¬ 
ness,  the  AK-33X  antidetonator  Is 
regarded  [3^-36]  only  as  an  addi¬ 
tive  that  must  he  used  In  combina¬ 
tion  with  TES  to  raise  the  octane 
numbers  of  ethylated  gasolines  by 
a  few  points,  since  the  cost  of 
the  new  antidetonator  la  2-4  times 
that  of  TES  [35]*  The  maximum  ad- 


Plg.  135.  Octane-number  In¬ 
crease  In  hydrocarbons  contain¬ 
ing  0.8  ml/llter  of  TES  on  ad¬ 
dition  of  AK-33X.  1)  Paraffins; 
2)  naphthenes;  3)  olefins:  4) 
2,2,4-trlmethylpentane;  5;  n- 
heptane;  6)  2,3-dlmethylpen'^ane; 
7}  n-hexane;  8)  2wnethylpentane; 
9)  cyclopentane;  10)  methyl cy¬ 
clopentane:  11)  2,3-dlmethylbu- 
tene-1;  12)  octene~l;  13)  in¬ 
crease  In  octane  number  (re¬ 
search  method)  for  0.026  g  of 
Mn  per  1  liter. 


mlsslble  TES  concentration  In  au¬ 
tomotive  gasolines  Is  0.8  ml/llter 
In  the  USA;  addition  of  the  AK-33X 
antiknock  agent  In  a • concentration 
of  0.033-0.265  g  of  Mn  per  1  liter 
of  gasoline  gets  a  1  -  6  point  In¬ 
crease  (Table  90)  In  the  (research) 
octane  numbers  of  commercial  gaso¬ 


lines.  Tlie  etliylated  components  of  automotive  gasolines  —  reformed  gas¬ 
oline  and  the  isomerlzed  C^-C^  fraction  -  have,  respectively,  lower  and 
higher  ’’receptivity"  to  AK-33X  additives  than  do  commercial  gasolines. 


Ethylated  automotive  gasolines  containing  AK-33X  additives  were 
put  tlirough  extensive  bench  and  road  tests  [35,  42],  An  engine  oper¬ 
ates  no  worse  on  a  gasoline  with  AK-33X  than  on  a  gasoline  with  TES  as 
regards  v/ear,  scaling,  frequency  of  surface  ignition,  and  so  fortn. 
Halogen  compounds  may  be  used  as  "scavengers"  for  manganese  antil<nock 
agents  [42]. 

Tests  of  manganese -based  antiknock  agents  are  being  conducted 
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TABLE  90 

Increase  in  Octane  Numbers  (Research  Method) 
of  Ethylated  Gasolines  on  Addition  of  AK-33X 
Antiknock  Agent  ['35] 


1 

2 

0.  n.  npi 
eoAopwaiiBB 
T8C,  */4 

j 

^  noBunteafla  o.  v.  np> 

eosopMtuiui  AK«33x, 

•  Mn  at  i  4  Mnanu 
% 

0,033 

0.265 

4  Ecbsbb  npmofi  neperonxE: 

5  ofipaaen  B  .  .  .  . 

84.3 

89.1 

98.8 

96.8 

93,6 

100.1 

2,2 

3.2 

03 

4,6. 

1,6 

13 

4,2 

5.1 

03 

S3 

23 

13 

6  oSpaaeB  B . 

(  PDi{iopunHr'6eB3iiB  .  . 

8  HaoMcpnaoBaBnas  ApaicBBfl  CV — h 

9  06iWHlilfl  TOBapBIlU  6eR3BB  .... 
XOlTpeunaabHiiiS  TOsapmaS  SeasBB  .  . 

l)  Gasoline;  2^  octane  number  at  TES  content 
of,  g/liter;  3)  rise  in  octane  number  with 
content  of  AK-33X,  of  Mn  per  1  liter  of  gas¬ 
oline;  4)  direct-distilled  gasoline;  5)  speci¬ 
men  B;  6)  specimen  E;  7)  reformed  gasoline; 

8)  Isomerlzed  C^-Cg  fraction;  9)  ordinary  com¬ 
mercial  gasoline;  10)  premium  commercial  gaso¬ 
line. 

— increasingly  wider  scales.- -Tt--is -possible  that  the  manganese  antiknock 
agent  will  ultimately  be  the  optimal  antiknock  agent,  surpassing  TES 
in  a  .number  of  properties  —  an  agent  that  has  been  sought  in  vain  for 
decades. 

ORGANIC  ANTIKNOCK  ADDITIVES 

The  organic  antiknock  additives  Include  certain  nitrogen  com¬ 
pounds  (specifically,  aromatic  amines),  and  certain  esters;  antiknock 
properties  have  also  been  detected  in  organic  compounds  of  other 
classes  (for  example,  in  naphthalene  homologs  and  others  [8,  9]). 

The  antiknock  properties  of  aromatic  amines  were  discovered  in 
1919j  1* e*  i  before  those  of  TES.  Since  that  time,  over  100  patents 
have  been  processed  for  the  use  of  aromatic  amines  as  antiknock  addi¬ 
tives  to  gasolines  [3?]. 

Fhenylenediamines  and  aniline  derivatives  with  substituents  at- 


cached  either  directly  to  the  benzene  ring  or  through  the  nitrogen  or 
the  amino  group  have  been  investigated.  The  relative  effectiveness 
of  certain  aniline  derivatives  are  given  in  Table  91. 

A  special  property  of  the  aromatic  amines  as  antiknock  agents  Is 
their  ability  to  seciire  a  further  increase  in  the  antiknock  properties 
of  gasolines  that  already  contain  TES  (Table  92). 

As  will  be  seen  from  Table  92,  the  use  of  monomethylanillne  (3^) 
makes  it  possible  to  reduce  the  amount  of  isooctane  by  a  considerable 
quantity  in  the  production  of  high-octane -rating  gasolines  (from  85.5 
to  59*0^  i'or  100-octane  gasoline).  Aromatic  amines  are  particularly  ef 
fectlve  in  raising  the  rich -mixture  performance  numbers  of  paraffin- 
base  gasolines  (Plg.  136). 


TABLE  91 

Relative  Effectiveness  of  Aniline  Deriva¬ 
tives*  [37] 


1  CoeAKaeuna 

j 

2  <i>opiiyaa 

O^iocnreah- 

naa 

TBBltOCTk 

^  AnnniiH  . . 

•  NH, 

(C.H,).C.H,.NH, 

-CH, 

0,8 

0,0 

1.1 

0,5 

0,3 

1,0 

0,6 

0,2 

5  p-TojiynAnB . 

'2t6-AB>feniaaBiuiiiB  ..... 

7  p-3TnaSBn)inH . .  . 

8  2.6-An3TQjiaBRaiiH . 

Q  K-iieTtiJiauiiJinR . 

lON-UOTR.I-O-TO.'iyHABB . 

llN-MeTua-2,6-Aav.eTBBaBB4Ba 

CH.C,H4  .  NHCH. 
(CH,),C,H,-.NH -CH, 

*^PrHe“ effectiveness  of  N-me thy lanl line  is 
taken  as  1.0. 

1)  Compound;  2)  formula;  3)  relative  ef¬ 
fectiveness;  4)  aniline;  5)  o-toluldlne; 

6]  2, 6 -dime thy lanl line;  7)  o-ethylanlllne; 
8)  276-die thy lanillne;  9)  N-methylanlline; 
10)  N-methyl-o-toluidlne;  11)  N-methyl- 
2 , o -d Ime t hy lanl line . 


Technical  xylldine  and  "ekstralln,"  which  is  technical  monomethyl- 
aniline,  have  been  used  in  practice  as  antiknock  additives. 


During  the  Second  World  War,  xylldine  was  added  in  a  quantity  o. 


TABLE  92 

Increase  in  Octane  Number  of  Gasoline  Con¬ 
taining  0.055^  of  TES  on  Addition  of  3^  of 
Monomethylanillne  [39] 


1  CocraB  6enaiiBa,  %  o6ieint. 

2  0.  a.  6eB3Rna, 

BccaeAOBaTMiiCiotfi  hctoa 

fitHtttROBWft 

3  KOMnoaesT 

UHsooxTaa 

5  068  MMA 

6  0  3f4  MMA 

64.0 

36.0 

80.8 

02,4 

41,0 

29.0 

59.0 

90,0 

-  99.5 

71,0 

95.0 

>100 

14,5 

85,5 

100,9 

- 

>100 

l)  Composition  of  gasoline,  %  by  volume; 


2)  octane  number  of  gasoline,  research 
method;  3)  gasoline  component;  4)  isooc¬ 
tane;  5)  without  MMA;  6;  with  3^  MMA. 

2%  to  ethylated  aviation  gasolines  used  by  the 
Americans  and  British  [l8]  to  economise  on  the 
high-octane  components. 

Technical  xylidine  is  a  liquid  having  a 
specific  gravity  of  0.970-0.990  at  15^,  and 
boiling  in  the  range  from  210-221°.  The  cloud¬ 
ing  temperature  of  a  2^  solution  of  technical 
xylldlne  in  isooctane  is  about  -50°C. 

The  "ekstralin"  additive  was  developed  in 
the  USSR  and  added  to  aviation  gasolines  in 
quantities  of  4^  (by  weight). 

Ekstralin  is  a  colorless  liquid  of  sped- 
fic  gravity  d^^  no  lower  than  O.98O  which  boils 
below  195*^  (97^)  and  has  a  freesing  point  below 

The  special  properties  of  aromatic  amines  as  gasoline  additives 
are  the  lack  of  ’’sensitivity"  to  sulfur  compounds,  plus  their  distinct 
antioxidant  properties;  aromatic  amines  Inhibit  tarring  and  decomposl- 
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Fig.  136.  In¬ 
crease  in  octane 
and  performance 
numbers  of  fuel 
with  octane  num¬ 
ber  of  60  due  to 
addition  of  me- 
thylaniline.  l) 
Performance  num¬ 
ber;  2)  concen¬ 
tration  of  me- 
thylaniline,  ^ 
by  weight;  3)  oc¬ 
tane  number. 


tlon  of  TES  in  gasolines  [39]. 


Apart  from  the  aromatic  amines,  cer¬ 
tain  other  nitrogen  compounds  possess  anti- 
detonation  properties;  these  Include  cer¬ 
tain  homologs  of  pyridine  (for  example, 
the  nitrogen  bases  of  shale  gasoline  and 
light  fractions  of  coal  tars  [40,  26],  as 
well  as  N-substltuted  aminophenols  —  me¬ 
thyl  -p -amlnophenol ,  monolsopropy laminophe - 


Pig,  137.  Increase  In 
octane  numbers  of  24 
specimens  of  gasolines 
containing  0.8  ml/li¬ 
ter  of  TES  on  addition 
of  0. 75^  by  volume  of 
TLA.  1)  Octane -number 
Increase;  2)  motor  me¬ 
thod;  3]  research  me¬ 
thod;  4)  octane  number. 


nol  and  others  [18]. 

Toxic  oxides  of  nitrogen  form  on  com¬ 
bustion  of  the  nitrogen  compounds. 

Certain  esters  —  methyl -tert -butyl 
ester  and  ethyl  acetate  [18]  have  also 
-been  Investigated  as  antiknock  agents,  and 


reports  appeared  In  1959  on  a  new  antiknock  additive  known  as  TLA  (Tex¬ 


aco  Lead  Appreclator)  [40,  4l].  This  additive  Is  the  organic  ester 


tert -butyl  acetate  CH^-COOC^H^,  and  Is  a  colorless  liquid  having  a 
specific  gravity  of  0.886  at  20°;  its  crystallization  temperature  Is 
below  -60°,  and  Its  boiling  point  is  96.1°.  This  ester  is  readily  sol¬ 
uble  In  hydrocarbons,  very  slightly  soluble  In  water  (0.62^  at  27°). 

It  Is  produced  from  acetic  acid  and  Isobutylene.  A  special  property  of 


TLA  Is  the  fact  that  It  Is  effective  only  on  addition  to  ethylated 


gasolines;  as  the  TES  concentration  rises,  the  effect  gained  by  adding 


TLA  is  also  enhanced.  The  optimum  TLA  concentration  In  ethylated  gaso¬ 
line  is  0. 75J^.  The  higher  the  octane  number  of  the  gasoline,  the  more 
significant  will  be  the  Influence  of  TLA  additives  In  ralsliig  Its  an- 
r.llaiock  properties  (Plg.  137).  It  appears  that  TLA  will  be  used  in  : 
USA  as  an  additive  to  premium  ( 100 -octane)  automotive  gasolines  ^ 
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will  permit  rai,5ing  the  gasoline's  octane  number  by  1-2  additional 
points. 
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On  decomposition,  compounds  containing  3  and  more  halogen 
atoms  in  the  molecule  form  free  halogen  [28] . 


Chapter  16 

FUELS  FOR  RECIPROCATING  AVIATION  ENGINES 

During  the  post-War  years,  Jet  aviation  engines  began  to  displace 
reciprocating  types,  so  that  the  development  and  perfection  of  the 
latter  came  almost  to  a  halt.  But  simultaneously  helicopters  came  In¬ 
to  considerably  more  extensive  use.  At  the  present  time,  only  heli¬ 
copters  and  certain  types  of  airplanes  (e.g, ,  transport  airplanes) 
can  be  listed  as  aircraft  for  which  reciprocating  engines  remain  the 
basic  type  used. 

Concurrently  with  the  development  of  piston  engines  during  the 
pre-war  years  and  during  the  Second  World  War,  work  was  underway  to¬ 
ward  higher  antiknock  properties  in  aviation  gasolines.  High-quality 
aviation  gasolines  such  as  IOO/13G  and  115/1^5  were  created. 

At  the  end  of  the  nine teen -for ties,  research  work  was  underway 
towards  the  creation  of  aviation  gasolines  based  on  tryptane  and  neo¬ 
hexane,  which  liave  antiknock  properties  higher  than  those  of  ll!5/l45 
gasoline.  However,  there  was  no  longer  any  necessity  of  completing 
these  studies. 

The  basic  grades  of  aviation  gasolines  that  existed  at  the  end  of 
the  Wax’  have  been  I’ctained  to  the  present  day;  during  the  post-Wai*  pe¬ 
riod,  their  qualitative  characteristics  have  undergone  only  minor 
changes. 

The  pi'oportion  of  aviation  gasolines  in  Uxe  over -all  balance  of 
aviation-fuel  production  was  i*educed  considerably  by  the  sharp  in¬ 
crease  in  the  production  of  jet  fuels.  However,  there  was  no  reduc- 


tlon  in  the  absolute  quantity  of  aviation  gasolines  processed.  In  the 
USA,  for  example,  the  total  volume  of  aviation-gasoline  production  ha: 
even  increased  slightly  as  compared  with  the  years  immediately  follov; 
ing  the  War  —  to  approximately  8-10  million  tons  per  year. 

Here,  the  proportion  of  aviation  gasolines  with  octane  numbers 
above  100  in  the  aviation-gasoline  production  of  the  USA  amounts  to 
about  80^  [2]. 

REQUIREMENTS  SET  FORTH  FOR  QUALITY  OF  AVIATION  GASOLIIIES 

The  aviation  gasolines  used  as  fuels  for  reclprocatlng-type  avi¬ 
ation  engines  must  guarantee  normal  operation  of  these  engines  in  all 
inodes  and  under  the  most  severe  operational  conditions.  Consequently, 
their  quality  is  subject  to  regulations  based  on  a  number  of  physico¬ 
chemical  Indices,  which  must  possess  strictly  defined  values. 

The  basic  quality  specifications  set  forth  for  contemporary  avi¬ 
ation  gasolines  are  as  follows. 

1.  Each  grade  of  aviation  gasoline  must  have  certain  antiknock 
properties  in  both  lean  and  rich  mixtures  with  air.  The  octane-number 
and  performance  number  requirements  are  established  at  levels  such 
that  the  aviation  gasolines  will  be  able  to  guarantee  normal  opera¬ 
tion  of  the  engines  under  the  most  highly  stre  sed  conditions. 

Aviation  gasolines  may  not  contain  more  than  2.  7-3. 3  It  of  TES/kg 
of  gasoline,  depsndlng  on  the  grade  of  tlie  gaaoline.  The  TES  content 
Is  limited  because  it  may  influence  the  service  life  of  the  engine, 

2.  Aviation  gasolines  must  possess  excellent  vaporisabllity.  The 
fractional  compo.^itlon  and  satumtien  vapor  pressures  of  aviation 
gasolines  taust  guarantee  easy  starting  of  the  engine  at  low  tempera- 
ures  (but  may  not  ci’cate  any  danger  of  vapor-lock  foiinatlon),  and 
mst  ensures  stable  operation  of  the  engine  and  good  perfomance  2 

it  when  the  operating  mode  is  changed,  as  well  as  compietor,? 


porlzation  In  the  cylinders. 

It  has  been  established  as  a  result  of  numerous  tests  with  avia¬ 
tion  engines  that  the  optimuun  fractional  composition  of  aviation  gas¬ 
olines  should  be  as  follows:  10^6  boiling  out  no  higher  than  75-88®, 
50%  no  higher  than  105®,  J0%  no  higher  than  145®  and  $7,5%  not  above 
180®. 

The  saturation  vapor  pressure  should  be  no  higher  than  360  mm  Hg 
during  the  autumn  and  winter  periods,  the  lower  limit  of  saturation 
vapor  pressure  is  also  checked;  it  should  not  fall  lower  than  220- 
240  mm  Hg. 

3.  Aviation  gasolines  must  possess  high  chemical  stability,  i. e. 
they  must  not  form  deposits  during  storage,  nor  tarry  sludges  in  the 
fuel-line  system,  nor  scale  in  the  engine's  combustion  chamber. 

To  ensui’e  high  chemical  stability  in  aviation  gasolines,  the 
values  of  the  iodine  nuiaber  (not  above  10-12  g/lOO  g  of  gasoline)  and 
actual  tar  content  (not  above  2  mg/100  ml  of  gasoline)  ar^e  restricted 
to  prevent  decomposition  of  the  THS  and  formation  of  deposits,  addi* 
tion  of  ax^tioxidants  to  aviation  gasolines  has  been  made  mandatory, 

4.  Aviation  gasolines  must  possess  good  low-teciperature  proper¬ 
ties,  i.e. ,  they  should  rsot  deposit  paraffin  crystals  at  low  tempera¬ 
tures  a.nci  should  not  pei'mife  formation  of  ice  crystals.  For  this  pur¬ 
pose,  the  initial -cx'ysfcallisation  tempox'ature  is  established  no 
higher  than  -60®  in  aviation  gasolines,  and  the  aromatic -hydi'ocarbon 
content  is  res trie  ted,  since  these  compounds  possess  the  highest  hj'- 
groscopicity. 

5-  Aviation  gasolines  must  be  chesaioally  neutral  and  may  not 
corrode  the  metals  of  thnks,  pumping  machihei'y,  and  engines;  the  ecm- 
bustion  pixiducts  of  aviation  gasolines  may  not  corrode  the  engine  cem 
ponents.  For  this  reason,  the  sulfur  content  is  limited  in  aviation 


gasolines  (not  over  0.03%),  and  measures  are  taken  to  eliminate  active 
sulfur  compounds  (negative  reaction  In  copper-plate  corrosion  test) 
and  water-soluble  acids ,  alkalis  and  water. 

6.  Each  grade  of  aviation  gasoline  must  have  Its  own  color,  so 
that  they  can  be  distinguished  readily. 

GRADES  OP  AVIATION  GASOLINES 

Right  up  to  the  Second  World  War,  we  used  only  direct -distilla¬ 
tion  gasolines  as  our  basic  aviation  fuels.  With  the  development  of 
reciprocating  aviation  engines  and  the  petroleum  industry's  mastery  of 
new  production  processes,  the  quality  of  the  aviation  gasolines  rose 
continuously;  the  grades  of  aviation  gasolines  being  produced  also 
changed  accordingly. 

The  headlong  development  of  aviation -engine  design  during  the 
Second  World  War  necessitated  further  Improvements  to  aviation  gaso¬ 
lines  as  regards  their  antlknock~pfbpefties.  '  ' 

These  requirements  were  met  by  the  wider  use  of  hlgh-oct^e  com¬ 
ponents  (chiefly  isoparaffins),  as  well  as  by  Increasing  the  concen¬ 
tration  of  ethyl  fluid  from  3  to  4  ml/kg  (GOST  1012-54). 

It  was  subsequently  found  that  it  was  not  sufficient  to  charac¬ 
terize  the  antiknock  properties  of  aviation  gasolines  In  terms  of 
octane,  number  alone.  It  was  established  that  the  performance  number  of 
aviation  gasolln'es  is  of  no  lesser  importance. 

The  octane  number  characterizes  the  antiknock  stability  of  gaso¬ 
lines  in  lean  mixtures,  on  which  the  engine  operates  when  It  Is  cruis¬ 
ing.  Performance  number  characterizes  the  detonation  stability  of  a 
gasoline  for  rich  mixtures,  on  which  the  engine  is  operating  In  the 
maximum-power  or  takeoff  modes.  Consequently,  gasolines  having  high 
octane  numbers  but  not  possessing  adequate  performance  number  car.no^- 
guarantee  proper  operation  of  an  engine  during  takeoff. 


The  aromatic  components  of  aviation  gasolines  oi  the  alkylben- 
zene  type  have  extremely  high  performance  number  and  rather  high  oc¬ 
tane  number.  The  question  of  the  use  of  such  hydrocarbons  as  aviation- 
gasoline  components  was  first  ra5sed  by  Soviet  scientists  as  long  ago 
as  1936  [33. 

Beginning  in  19^6,  aviation  gasolines  produced  by  the  [Soviet] 
petroleum  industry  (GrOST  1012-46)  have  been  rated  by  octane  number  and 
performance  number  as  the  two  most  important  Indices  for  quality  in 
aviation  gas lines. 

According  to  GOST  1012 -5^^  which  is  still  effective,  the  grades 
produced  are  B-IOO/13O,  B-95/130,  B-91/II5  and  B-70j  there  is  also  a 
standard  for  type  BA  aviation  gasoline,  which  is  equivalent  to  the 
American  II5/145  gaf.vLi.'.e  (Table  93). 

Contemporary  aviation  gasolines  are  mixtures  of  several  compon¬ 
ents.  Direct-distillation  gasolines  from  select  petroleums  and  cata¬ 
lytic-cracking  gasolines  are  employed  as  the  base  gasolines,  which 
are  the  main  components  of  commercial  aviation  gasolines.  To  obtain 
the  required  antiknock  properties,  Isoparafflnic  and  aromatic  compon¬ 
ents  are  added  to  the  base  gasolines.  Except  for  aviation  gasoline  B- 
70,  all  other  grades  of  aviation  gasolines  contain  ethyl  fluid. 

GOST  1012-54  makes  mandatory  the  addition  of  antioxidants  to  all 
ethylated  [leaded]  aviation  gasolines  to  prevent  the  tetraethyl  lead 
from  decomposing  while  the  gasoline  is  in  storage,  ^-hydroxydlphenyl- 
amlne  is  added  to  ethylated  gasolines  as  an  antioxidant  in  a  concen¬ 
tration  of  0.004-0.005^  (by  weight).  Consequently,  the  antioxidant  is 
one  of  the  basic  components  of  contemporary  aviation  gasolines. 

B-lOO/130  aviation  gasoline  is  produced  by  mixing  catalytic - 
cracking  gasoline  with  high-quality  components.  Both  catalytic -crack¬ 
ing  gasolines  and  direct -distillation  gasolines  may  serve  as  base  gas- 
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ollnes  for  B-95/130  aviation  gasoline.  Direct-distillation  gasolines 
serve  as  the  base  gasolines  in  production  of  B-9I/II5  and  B-70  avia¬ 
tion  gasolines.  . 

When  ^-hydroxydiphenylamine  is  dissolved  la  unethylated  aviation 
gasolines,  the  latter  become  yellow.  When  £-hydroxydiphenylamlne  and 
lead  ethyl  fluid  are  added  to  a  gasoline,  it  becomes  bright  orange 
(B-lOO/130  gasoline);  when  orange  ethyl  fluid  is  added,  the  resulting 
gasoline  is  yellow  (B-95/130),  and  when  blue  ethyl  fluid  is  used  the 
resulting  color  is^^greeh  '(B^l/llS). 

Recently,  a  number  of  quality  specifications  for  aviation  gaso¬ 
lines  have  been  refined  and  formulated  more  succinctly  than  previ¬ 
ously.  For  example,  it  was  found  that  the  content  of  aromatic  hydro¬ 
carbons  in  aviation  gasolines  must  be  limited.  There  are  two  basic 
reasons  for  this;  1)  the  content  of  aromatic  hydrocarbons  in  a  fuel 
influences  the  temperature  regime  of  the  engine;  2)  with  increasing 
aromatic-hydrocarbon  content  in  the  gasoline,  the  engine  temperature 
also  rises,  and  this  may  shorten  its  service  life. 

An  elevated  content  of  aromatic  hydrocarbons  in  aviation  gaso¬ 
lines  is  also  undesirable  from  the  standpoint  of  their  Influence  on 
the  hygroscoplclty  of  the  gasoline.  The  solubility  of  water  in  aro¬ 
matic  hydrocarbons  Is  considerably  higher  than  its  solubility  in 
paraffinic  and  naphthenic  hydrocarbons;  benzene  is  especially  hygro¬ 
scopic.  Depending  on  chemical  composition  and  temperature,  aviation 
gasolines  may  contain  from  0.002  to  0.01^  of  dissolved  water.  The 
danger  presented  by  the  presence  of  hygroscopic  water  In  a  fuel  con¬ 
sists  In  the  fact  that  as  the  temperature  and  humidity  of  the  air 
vary  during  the  winter  operations  period,  this  water  may  be  precipi¬ 
tated  in  the  form  of  ice  crystals,  which  may  plug  the  fuel  filte?-  ann 
reduce  or  even  cut  off  the  supply  of  fuel  to  the  engine’s  oyllnci-';- ■ . 
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TABLE  93 

Basic  Indices  of  Aviation-Gasoline  Quality 


1  OnanKO-xnMitnccKijo 

rOCT  5760-51 

2 

rocT  1012-54 

cnoficTBa 

‘3  ba 

B-ioo/ia 

3  B-95/13( 

3  B-91/11J 

5  B-TO 

CoAcpa<anno  TCTpaamji- 
eanHip)  n  a/va  oenanna 

Bo  CoAce  . 

5  /tCTonaHnoiinaH  crofi- 

KOCTb: 

'  a®)  OKTanoBoo  qncao 

no  MoropiioMy 
MCTOAy  HO  Monee 

2.7 

2,7 

3.3 

2.5 

98.6 

a  • 

95.0 

m 

m 

b6)  OKTaiioBoo  'incAO 
no  TOMnoparyp- 
noMy  MCTOAy  no 
Monee  . 

100. 

cb)  copTHocTbna  Ooa- 
IIOH  CMOCII  no  MO* 

uce . 

115 

Cr)  copTHOcTb  iia  60- 
raToii  cMccn  bo  ! 
Mc.'oe  ..... 

160 

130 

130 

115 

6  TenaoTa  jpannB  iina- 
maH  b  kkoa/kz  no  UO'^ 
HPO  . 

.  10400 

10300 

10300 

10300 

7  <l>paKBnonnuii  cocraB: 

aa)  TC.Mnepa.ypa  na- 
naaa  iieperonKK 

B  ”0  ne  Burae 

4O 

1 

4C 

40 

40 

a 

40 

1)6)  10%  noperoHPOTCA 
npii  TtMiioparypo 

B  *0  HO  Burae 

75 

75 

82 

82 

88 

Cb)  50%  noponvnHOTCH 
iipn  TOMncpatype 

B  ®C  ne  numo 

105 

105 

105 

105 

105 

dr)  90%  noperouneTCH 
npn  TCMiiepaTypo 

B  °C  HO  Bunte 

145 

145' 

145 

145 

44s 

Ca)  97.5%  uoperoHB- 
OTcn  npn  Toincpa* 
Typo  B '’C  no  Dume 

BflannoHHO  nacumoiiHHx 
napoD,  .«.«  pT.  CT.: 

9  HO  MCIICO . 

180 

.  180 

180  . 

180 

180 

240 

240 

220 

220 

10  HO  Co.TOO  ...... 

360 

360 

360 

360 

3^ 

ll-KncAOTHOCTb  n  mo  KOI! 

22  100  *uo  Ooiianua 

10  uo  3oa0o  ..... 

1.2 

1 

1 

,1 

1 

KpncTa;iflH3amiit  b  *G 
no  BWine  ...... 

JIOAUOO  IHCJIO  B  »/i00  « 
13  6ou3iin«  HO  6o«ce  .  . 

■Co.’iop/Kauno  ^aKtn’io-  , 
14,(»Knx  BMOJi  B  jna/lOO 
GouoiiHa  HO  6oBoe  .  . 
CoAopwaane  cepu  b  % 
15  ue  6oaeo  ...... 

. .  ■ 


-60 

-60 

-60 

1. 

-60 

0 

12 

12 

10 

2 

2 

2 

2 

0,05 

B  aaoucnuocTH 
OT  ABota  arn- 
aobo£  xniA- 

17  KOCTB 

0.06 

flpKO- 

opauwe- 

BUfi 

18 

0,05 

JHc.'ITUfi 

19 

0,05 

SoA^uii 

10 


0,05 

’lOCUBOt* 
Bui 
21 


[Key  on  following  page] 


[Key  to  Table  93] i  l)  Physicochemical  property;  2)  GOST;  3)  BA;  4) 
content  of  tetraethyl  lead  in  g/kg  of  gasoline  not  above;  5)  detona¬ 
tion  stability;  5a)  motor  octane  number  not  below;  5b)  temperature - 
method  octane  number  not  below;  5c)  lean-mixture  performance  number 
not  below;  5d)  rich-mixture  performance  number  not  below;  6)  lower- 
limit  heat  of  combustion  in  kcal/kg  no  less  than;  7)  fractional  com¬ 
position;  7a)  initial  distillation  temperature  in  °C  not  above;  7b) 

10^  distilled  at  temperature  in  not  above;  7c)  50^  distilled  at 
temperature  in  c>c  not  above;  7d)  90^  distilled  at  temperature  in  oq 
not  above;  7e)  97*5/^  distilled  at  temperature  in  oq  not.  above;  8) 
saturation  vapor  pressure,  mm  Hg;  9)  not  below; 10)  not  above;  ll)  acid¬ 
ity  in  mg  of  KOH;  12)  Initial-crystallization  temperature  in  not 
above;  13)  iodine  number  in  g/lOO  g  of  gasoline,  not  above;  l4)  actual 
tars  content  in  mg/lOO  ml  of  gasoline  not  above;  15)  sulfur  content  in 
not  above;  16)  color;  17)  depends  on  color  of  ethyl  fluid;  l8) 
bright  orange;  19)  yellow;  20)  green;  21)  colorless;  22)  for  100  ml 
of  gasoline. 

Addition  of  aromatic  components  (toluene,  alkylbenzene,  pyroben- 
zene)  in  an  amount  totaling  no  more  than  20^  to  direct -distilled  gaso¬ 
lines  is  permitted  for  purposes  of  limiting  the  aromatic -hydrocarbon 
content  in  aviation  gasolines.  Here,  the  total  content  of  aromatic  hy¬ 
drocarbons  in  B-70  aviation  gasoline  may  not  exceed  20^. 

Also  introduced  into  the  GOST  for  the  first  time  is  a  quality 
tolerance  as  regards  fractional  composition  for  aviation  gasolines  to 
be  stored  for  long  periods  (longer  than  6  months);  since  an  Insignifi¬ 
cant  variation  in  fractional  composition  is  not  reflected  in  engine 
performance,  deviations  of  1-2^  are  permitted  for  such  aviation  gaso¬ 
lines  with  respect  to  the  10^,  50^  and  90^  distillation  points. 

Each  grade  of  aviation  gasoline  must  be  used  in  those  aviation 
engines  for  which  it  was  Intended.  However,  should  the  basic  gasoline 
grade  not  be  available,  aviation  engines  may  also  be  operated  on  lower 
grades  of  aviation  gasoline,  but  then  the  engines  may  not  be  operated 
at  maximum'  power.  The  output  restrictions  for  the  engines  when  a  sub¬ 
stitute  is  used  for  the  basic  gasoline  grade  are  usually  indicated  in 
the  special  Instructions. 

Five  grades  of  aviation  gasoline  are  produced  in  the  USA;  t’loof 
are  designated  80-84,  91-98,  100-130,  108-135  and  115-145  gasoil ; i-.-.-' . 
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As  will  be  evident  from  the  list  of  grades,  the  USA  produces  two  avia¬ 
tion-gasoline  grades  with  antiknock  properties  higher  than  those  of 
IOO-I30  aviation  gasoline.  The  physicochemical  properties  of  domestic 
and  American  aviation  gasolines  are  quite  similar.  However,  the  TES 
content  in  American  gaaolines  ia  somewhat  lower  -  about  1. 2-2.6  g  per 
1  kg  of  gasoline  as  against  2.5-3. 3  g  por  1  kg  of  gasoline  in  the  do¬ 
mestic  fuels.  The  American  standard  for  aviation  gasoline  provides  for 
checks  of  the  chemical  stability  of  the  fuels. 

For  this  purpose,  a  sample  of  the  gasoline  is  subjected  to 
5  hours  of  "aging"  in  a  stainless -steel  bomb  at  a  temperature  of  100*^ 
and  an  oxygen  pressure  of  7  atmospheres.  The  quantity  of  deposit  after 
the  5 -hour  "aging"  period  may  not  exceed  6  mg/lOO  ml  of  gasoline;  the 
quantity  of  lead  compounds  in  the  deposit  may  not  be  greater  than 
3  mg.  So  that  the  gasoline  will  be  able  to  meet  these  requirements, 
antioxidants  are  added  to  it  in  amounts  equal  to  0.0015-0.003^  by 
weight. 

The  antioxidants  used  are  N,N' -di -sec -butyl -p-phenylenedlamlne, 

2, 4-dime thyl-6-tert-butylphenol  and  2,6-dl-tert-butyl-4-methylphenol. 
These  antioxidants  may  be  added  to  gasolines  either  separately  or  in 
mixtures  with  one  another. 

INCREASING  STABILITY  OP  ETHYLATED  GASOLINES  IN  STORAGE 

One  of  the  basic  problems  dealt  with  in  the  postwar  years  was 
that  of  raising  the  stability  of  aviation  gasolines  for  storage.  To 
solve  this  problem,  extensive  investigations  were  carried  out  in  the 
USSR  tnd  abroad  [5,  6,  ?]. 

It  was  found  that  ethylated  aviation  gasolines  possess  inade-  . 
quate  stability  and  readily  form  precipitates  consisting  40-4556  of 
lead  [4,  5,  6]  on  oxidation  at  normal  temperatures. 

Such  deposits  form  particularly  rapidly  when  aviation  gasolines 
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are  stored  In  the  southern  climatic  zone.  Under  the  climatic  condi¬ 
tions  of  the  Southern  USSR,  decomposition  products  of  TES  form  de¬ 
posits  even  after  2-3  months  of  storage  in  small  tanks  (volumes  less 
than  50  m^)  or  even  faster.  Aviation  gasolines  could  be  stored  no 
longer  than  1-1. 5  years  even  in  large  underground  and  surface  tanks, 
and  this  presented  an  obstacle  to  accumulation  of  reserve  supplies. 

When  the  deposits  got  into  the  engine,  they  plugged  fuel  filters, 
upset  the  normal  performance  of  the  aviation  spark  plugs  and  caused 
airplane  crashes. 

In  this  connection,  studies  were  made  to  determine  the  liquid- 
phase  oxidizability  of  the  individual  gasoline  hydrocarbons  with  7  to 
10  carbon  atoms  and  the  influence  of  TES  on  oxidation  of  these  hydro¬ 
carbons  [8]  (Table  9^).  The  TES  was  added  to  the  hydrocarbons  in  its 
normal  concentration  (about  0.1  mole-^).  It  was  established  that  the 
relationships  observed  in  oxidation  of  oil  hydrocarbons  [9]  may  also 
be  extended  to  the  hydrocarbons  that  form  gasolines.  For  example,  nor¬ 
mal  paraffinic  hydrocarbons  and  hydrocarbons  with  the  iso -structure 
containing  a  quaternary  carbon  atom  were  much  more  stable  without  TES 

against  liquid-phase  oxidation  than  the  hydrocarbons  of  other  groups. 

Paraffinic -hydrocarbons  with  "unprotected"  tertiary  C-H  bonds 
oxidize  considerably  more  easily  than  naphthenic  and  aromatic  hydro¬ 
carbons.  However,  unlike  the  hydrocarbons  with  higher  molecular 
weights,  monocyclic  naphthenic  hydrocarbons  with  short  side  chains  are 
more  resistant  to  oxidation  in  the  absence  of  TES  than  the  correspond¬ 
ing  aromatic  hydrocarbons.  Five -member  naphthenes  are  particularly 
resistant  to  liquid-phase  oxidatlcnj  their  oxidation-induction  periods 
are  considerably  longer  than  those,  of  the  six-member  naphthenes  of 
corresponding  molecular  weight  (Table  Sk), 

TES  reduces  the  oxidation -induct ion  periods  of  hydrocarbons,  iu- 
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creases  their  oxidation  rate  and,  undergoing  oxidation  itself,  forms 
deposits.  No  more  than  10^  of  the  combined  oxygen  is  expended  in  oxi¬ 
dizing  it. 

TES  Influences  to  different  degrees  the  oxidizability  of  hydro¬ 
carbons  that  oxidize  at  practically  the  same  rate  in  the  absence  of 
TES  (cf.  n-heptane,  2,2,4-trlmethylpentane  and  toluene  in  Table  94). 

The  paraffinic  (with  the  exception  of  hydrocarbons  having  "unpro¬ 
tected"  tertiary  C-H  bonds)  and  naphthenic  hydrocarbons  show,  after 
addition  of  TES,  longer  stability  periods  than  aromatic  hydrocarbons 
and  olefinlc  hydrocarbons;  trimethylpentanes ,  which  contain  a  quater¬ 
nary  carbon  atom  in  the  molecule,  are  distinguished  by  high  stabil¬ 
ity. 

Decomposition  of  TES  in  a  solution  of  olefinlc  hydrocarbons  takes 
place  at  low  speed  despite  the  fact  that  olefinlc  hydrocarbons  oxidize 
more  intensively  (Table  94). 

The  influence  of  hydrocarbon  hydroperoxides  on  the  decomposition 
of  TES  was  Investigated  to  explain  the  mechanism  by  which  TES  acts  in 
the  process  of  liquid -phase  hydrocarbon  oxidation  [10].  It  was  shown 
that  hydroperoxides  of  differing  structure  are  characterized  by  dif¬ 
ferent  "activities"  with  respect  to  TES  (Pig.  138).  When  mixed  hydro¬ 
gen  peroxides  of  Cq  olefins  ("hyperol")  were  added  to  a  hydrocarbon 
containing  TES,  oxygen  was  absorbed  by  the  hydrocarbon  at  a  higher 
rate  than  on  addition  of  Isopropylbenzene  hydroperoxide  (Pig.  138a, 
curves  1  and  2),  while  the  rate  of  decomposition  of  TES,  on  the  other 
hand,  was  smaller  in  the  presence  of  the  hydroperoxides  of  olefinlc 
hydrocarbons  (Pig.  138b).  It  is  appropriate  to  compare  this  result 
with  the  data  of  Table  94,  from  which  it  is  evident  that  decomposi- 
tlon  of  TES  in  a  solution  of  olefinlc  hydrocarbons  also  takes  place  at 
a  speed  considerably  lower  than  in  solutions  of  hydrocarbons  of  other 
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TABLE  94 


Characterization  of  I^drocarbon  Oxidizabilities 
In  the  Liquid  Phase  (t  =  lOOOCj  Pq  =  1  atmos¬ 
phere  absolute) 


Symbols t  t  is  the  Induction  period  in  hours; 

is  the  average  rate  of  absorption  of  oxygen  after 
the  Induction  period  in  moles/(mole)  hour;  Wg  is 

the  average  rate  of  decomposition  of  TES  after 
the  Induction  period  in  moles/(mole)  hour;  it  is 
computed  from  the  quantity  of  deposit  formed  by 
the  TES  combustion  products. 
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1)  Hydrocarbons;  2)  without  ethyl  fluid;  3)  with 
ethyl  fluid;  4)  with  ethyl  fluid  +  0.004ji  p-hy- 
drojQrdlphenylamlne;  5)  parafflnlo  hydPooarBona ; 
6)  n-heptane;  7)  n-octane;  8)  n-nonane;  9)  n-de- 
cane;  lO)  2,2,4-trimethylpentare;  11)  trlme'^hvl- 
pentane  mixtures;  12)  2,6-dlmei:hylheptane;  13) 
naphthenic  hydrocarbons;  14)  five -member;  15) 
ethylcyclopentane;  l6)  n-propylcyclopentane;  17) 
six-member;  [Key  continued  on  following  page] 
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[Key  to  Table  9^  continued];  l8)  tnethylcyclohexanej  19)  ethylcyclo- 
hexane;  20)  isopropylcyclohexane;  2l)  aromatic  hydrocarbons]  22)  tolu¬ 
ene;  23)  ethylbenzene;  24)  Isopropylbenzene;  25)  fractions  containing 
unsaturated  hydrocarbons;  26)  Cg  synthol  fraction  (containing  27.2^ 

unsaturated  hydrocarbons);  27)  .C^  synthol  fraction  (containing  25. 4j^ 

unsaturated  hydrocarbons);  28)  mixture  of  octylenes  with  straight 
chains;  29)  mixture  of  branched -structure  octylenes  (107-112°  dllso- 
butylene  fraction). 


Pig.  138.  Influence  of  perox¬ 
ides  on  oxidation  of  ethylated 
2,2,4-trimethylpentane.  a)  ab¬ 
sorption  of  oxygen;  b)  decompo¬ 
sition  of  TES.  1)  2,2,4-trl- 
methylpentane  +  glperiz  [hy- 
periz]  (0.5  mole  of  peroxide 
per  1  mole  of  TES);  2)  2,2,4- 
trimethylpentane  +  hyperol 
(0.5  mole  of  peroxide  per  1  mole 
of  TES).  a)  Absorption  of  Og, 

moles/mole  of  hydrocaj:*bon;  B) 
oxidation  time,  hours;  C)  decom¬ 
position  of  TES,  raole-j^. 


groups. 

The  characteristics  of  the  mechanism  by  which  TES  acts  during  the 
presence  of  liquid-phase  oxidation  of  hydrocarbons  consist  in  the  fol¬ 
lowing. 

1.  At  relatively  low  temperatures,  TES  decomposes  easily  to  fom 
free  radicals  that  initiate  oxidation  of  the  hydrocarbons.  It  is  prob¬ 
able  that  not  only  ethyl,  but  also  alkyl-lead  radicals  form  in  this 
process : 

-  Pb(02H5)3  +  CgHg. 
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2,  The  organic  peroxides  that  form  react  with  the  TES  and  accel¬ 

erate  its  decomposition;  here*  the  dialkyl  lead  compounds 
(CgH^)2Pb(0H)2j  together  with 

PbO  and  settle  in  the  deposit. 

3.  The  peroxides  of  different  hydrocarbons  are  characterized  by 
differing  abilities  with  respect  to  TES;  this  will  probably  account 
for  the  differing  degrees  to  which  TES  is  active  in  oxidizing  hydro¬ 
carbons  with  different  stinictures. 

To  ascertain  the  relationship  between  the  hydrocarbon  composi¬ 
tion  of  the  gasolines  and  their  stability,  binary  mixtures  of  easily 
oxidized  and  haird -to -oxidize  hydrocarbons  were  oxidized  [5].  It  was 
shown  that  the  oxidizability  of  mixtures  of  the  hydrocarbons  that  are 
contained  in  aviation  gasolines  is  determined  to  a  considerable  de¬ 
gree  -  particularly  in  the  presence  of  TES  -  by  the  content  of  ole- 
finlc  hydrocarbons.  Even  in  small  concentrations  (2-5jg),  olefins  be¬ 
gin  to  exert  a  significant  influence  on  oxidation.  The  stability 
times  of  ethylated  mixtures  of  aromatic  and  isoparafflnic  hydrocarbons 
do  not  change  addltlvely  as  a  function  of  mixture  composition;  on  ad¬ 
dition  of  lOJ^  of  an  easily  oxidized  aromatic  liydrocarbon  (ethylben¬ 
zene)  to  the  hard -to -oxidize  2,2,4-triraethylpentane,  its  stability 
period  begins  to  diminish. noticeably. 

The  decomposltlcn  process  of  TES  in  hydrocarbon  solutions  may  be 
retarded  by  the  use  of  aiitloxidants. 

Only  antioxidants  that  produce  inactive  radicals  not  only  with 
hydrocarbon  radicals  but  also  with  the  alkyl-lead  radicals  produced  by 
the  TES  can  be  used  as  antioxidants  for  ethylated  aviation  gasolines. 

Consequently,  antioxidants  of  phenol  type,  as  well  as  sulfanill- 
miUe  compounds  and  disulfides  prcxJuce  absolutely  no  Inlilbition  o*'  th 
decomposition  of  TES  in  ethylated  aviation  gasolines. 
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"Screened”  ali<ylphenols  and  phenyl- 


enedlamines  2Lre  quite  effective;  even  more 
effective  are  the  aminophenols  —  benzyl -jg- 
aminophenol  and  £4iydroxydlphenyIamlne.  It 
Is  representatives  of  these  antioxidant 
groups  that  have  come  into  practical  use 


Fig.  139.  Stability  of 
ethylated  aviation 
gasoline  from  direct 
distillation  as  a 
function  of  TES  concen¬ 
tration  and  tempera¬ 
ture,  1)  Stability  pe¬ 
riod,  hours;  2)  ethyl- 
fluid  concentration, 
ml/kg. 


for  stabilization  of  avlrtlon  gasolines: 
jg-hydroxydiphenylamine  in  the  USSR  and 
2 , 6 -dl -t ert -butyl -4 <^ne thylphenol ,  2, 4-di- 
methyl -^tert-butylphenol  and  N,N*-di-3ec- 
butyl-jg-phenylenediamine  in  the  USA. 


TABLE  95 

Chemical  Stability  of  Ethylated  Aviation- 
Gasoline  Components  [12] 

(Content  of  TES  0. Ijy  Weight) 
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110*50);  3)  without  antioxidant;  4)  with 
0.004^  bv  weight  of  p-iiydroxydlphenyl- 
ainine;  5/  direct -distillation  !^ku  gaso¬ 
lines;  (Key  continued  on  following  page] 
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[Key  to  Table  95  continued]:  6)  Surakhany;  7)  Balakhanyj  8)  Blbl-ey- 
bat;  9)  catalytic -cracking  gasolines  (aviation  components);  10)  Gu- 
r'yevskiy;  11)  Orsk;  12)  technical  all^lbenzenes;  13)  specimen  No.  1; 
l4)  specimen  No.  2;  15)  technical  alkylates;  16)  Gur’yevskiy;  17) 
Orsk. 

£-Hydroxydiphenylamlne  is  more  effective  than  the  antioxidants 
widely  used  in  the  USA. 

Vflien  p-hydroxydlphenylamlne  and  lonene  are  added  together  to  a 
gasoline,  we  observe  a  reciprocal  enhancement  of  the  effects  of  these 
antioxidants  [11]. 

Unlike  the  American  antioxidants,  ^-hydroxydlphenylamlne  has  a 
low  solubility  in  gasolines  and  is  introduced  into  them  in  a  benzene 
solution. 

Having  considered  the  information  given  above  on  the  oxidizabil¬ 
ities  of  individual  hydrocarbons  and  the  effectiveness  of  antioxi¬ 
dants,  let  us  pass  to  an  evaluation  of  the  stabilities  of  aviation 
gasolines  [12,  13). 

Apart  from  hydrocarbon  composition,  the  stability  of  aviation 
gasolines  depends  on  a  nximber  of  other  factors,  including  the  TES  con 
centratlon  in  the  gasoline;  it  diminishes  as  the  TES  content  is  in¬ 
creased  to  a  certain  limit  (to  3-4  ml  of  ethyl  fluid  per  1  kg  of  gaso 
line);  a  further  increase  in  TES  concentration  has  practically  no 
further  influence  (Fig.  139). 

The  structure  of  the  halogenoalkyls  used  la  the  ethyl  fluid  as  a 
lead  “scavenger'*  does  not  influence  the  stability  of  aviation  gaso¬ 
lines. 

In  the  presence  of  ethyl  fluid,  the  aviation -gasoline  components 
direct -distilled  Baku  gaaollnea  on  a  naphthenic  base,  catalytic - 
cracking  gasolines  and  technical  alkylates  -  are  rather  close  to¬ 
gether  as  regards  oxidizability  (Table  95).  Both  the  alkylbeiisenes  afv 

« 

the  Individual  aromatic  hydrocarbons  are  chai*acterlzed  bv  low 


tlveness”  to  £  .hydroxydlphenylamine. 

The  results  of  experiments  with  prolonged  storage  of  gasolines 
under  real  conditions  In  various  climatic  zones  have  shown  that  avia¬ 
tion  gasolines  stabilized  with  £ -hydro  jcydlphenylamlne  can  be  stored 
for  3-4  years  without  losing  stability  [14]» 

This  storage  life  Is  guaranteed  by  a  new  indicator  Introduced 
into  the  GOST  for  domestic  aviation  gasolines;  “stability  period  not 
less  than  8  hours,  “ 

Aviation  gasolines  in  long-term  storage  should  be  removed  from 
storage  when  the  stability  period  has  dropped  to  2  hours. 
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Chapter  17 
AUTOMOTIVE  GASOLINES 

Automotive  gasolines  presently  occupy  one  of  the  most  li^'portant 
places  in  the  manufacture  of  petroleum  products.  The  production  of 
these  gasolines  in  various  countries  amounts  to  20  to  50f^  of  the  to- 
■  tar  quantity  of  petroleum' products  produced. 

More  than  4/5  of  all  automobiles  operate  on  carburetor  engines, 
designed  to  function  on  automotive  gasolines.  There  is  a  continuously 
increasing  demand  for  automotive  gasoline  as  the  number  of  cars  in 
our  country  increases.  By  1975  the  multitude  of  cars  in  our  country 
will  consume  twice  as  much  automotive  gasoline  as  In  1965,  and  3.3 
times  as  much  gasoline  as  in  1958, 

GRADES  OP  AUTOMOTIVE  GASOLINES 

At  the  present  time  the  All-Union  State  Standard  (GOST  2084-56) 
provides  for  the  production  of  four  basic  brands  of  automotive  gaso¬ 
lines:  A-66,  A-72,  A-T4,  a.nd  A-76  (Table  96). 

The  A-66  gasoline  is  produced  for  the  majority  of  the  automotive 
engines  (whose  compression  ratios  do  not  exceed  6. 2-6.  3)  presently  in 
use.  This  gasoline  is  divided  into  conventional  and  clircatised  gaso¬ 
line.  The  cliraati^ed  gasoline  is  of  a  lighter  fractlcaial  composition 
and  is  intended  for  use  in  the  northern  regions  of  the  country  during 
the  winter.  The  A -74  gasoline  is  produced  for  the  engines  of  2IL-110 
autcHRobiles,  and  the  A-72  and  A-76  gasolines  must  provide  for  knock- 
free  operation  of  the  new  automotive  engines  which  are  now  being 
tested,  put  into  production,  and  are,  in  part,  being  produced  by  the 


domestic  automotive  Industry. 

Contemporary  automotive  gasolines  are  produced  at  petroleum-re¬ 
fining  plants  by  mixing  several  components.  The  base  components  are 
the  gasolines  derived  through  direct  distillation,  and  through  thermal 
and  catalytic  cracking.  The  fraction  of  a  particular  component  that  Is 
used  In  a  commercial  gasoline  depends  on  the  quality  of  the  component 
and  the  over-all  balance  of  light  petroleum  products  produced  at  the 
plant.  A  typical  composition  of  commercial  automotive  gasolines  for 
some  domestic  refineries  Is  presented  in  Table  97. 


TABLE  96 

Industrial  Specifications  for  Automotive  Gasolines 


1  OiiaaKO'XnutmccKue  cBOuciaa  €«uaDHOB 
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1)  Physicochemical  properties  of  gasolines;  2)  in¬ 
dicators,  by  brand;  3)  standard;  4)  climatised;  5) 
antiknock  sta-  [Key  continued  on  following  page] 
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[Key  to  Table  96  continued];  billtyj  6)  a)  octane  number,  determined 
according  to  the  motor  method,  not  less  than;  7)  b)  octane  number,  de^ 
termlned  according  to  the  research  method,  not  less  than;  8)  TES  [TEL' 
tetraethyllead]  content  in  g/kg  of  gasoline,  not  more  than:  9)  frac¬ 
tional  composition  (distilled  at  a  temperature,  °C);  10)  a)  start  of 
boiling  not  below;  11)  b)  10%  not  above;  12)  c)  505&  not  above;  13)  d) 
90^  not  above;  14)  e)  end  of  boiling  not  above;  I5)  f)  residue  in 
flask,  in  not  more  than;  I6)  g)  residue  and  losses,  in  %,  not  more 
than;  17)  pressure  of  saturated  vapors,  in  mm  Hg,  not  more  than;  18) 
acidity  in  mg  KOH/lOO  ml,  not  more  than;  19)  content  of  actual  tars, 
in  mg/100  ml  of  gasoline,  not  more  than:  20)  a)  at  point  of  petroleum 
production  (prior  to  ethylation);  21)  b)  at  point  of  gasoline  utlllza- 
tion;  22)  induction  lag,  in  minutes,  not  less  than;  23)  sulfur  con¬ 
tent,  in  %,  not  more  than;  24)  test  on  copper  plate;  25)  content  of 
water-soluble  acids  and  alkalis;  26]  content  of  raechamlcal  admixtures 
and  water;  27)  not  standardized;  28)  absent;  29)  withstands;  30)  ab¬ 
sent. 


TABLE  97 

Composition  of  commercial  automotive  gasolines  in 
terms  of  components,  at  certain  petroleum  refiner¬ 
ies  [29,  etc.  ] 
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1)  Components;  2)  content  of  components  in  commer¬ 
cial  gasoline,  by  refineries,  3)  Novo-Ufa;  4) 
Ufa;  3)  Chernigov;  5)  Omsk;  7)  Syzran';  8)  Kuyby- 
shev;  9)  Novokuybyshev;  iO)  Krasnovcdsk;  11)  Baku; 
12)  direct-distillation  gasoline;  13)  thennal- 
cracklng  gasoline;  14)  catalytic -cracking  gaso¬ 
line;  15)  catalytic -reforming  gasoline;  16)  prod¬ 
ucts  resulting  from  the  refining  of  hydrocarbon 
gases. 


The  A -66  gasoline  is  basically  prepared  by  mixing  two  components 
direct-distillation  and  thermal -cracking  gasolines.  At  those  refin- 


eries  which  have  installations  for  the  refining  of  hydrocarbon  gases , 
the  following  products  of  these  processes  are  used  in  commercial  gaso¬ 
lines  —  the  spent  butane -butylene  fraction,  the  pentane -amylene  frac¬ 
tion,  gaseous  gasoline,  polymer  gasoline,  etc. 

The  A -72  gasoline  is  prepared  on  a  base  of  single-stage  cata¬ 
lytic-cracking  and  catalytic -reforming  gasolines  with  the  addition  of 
those  products  obtained  by  other  processes  in  the  refining  of  petro¬ 
leum  and  hydrocarbon  gases. 

In  recent  years  the  petroleum -refining  Industry  has  begun  the 
production  of  the  high-quality  automotive  gasoline  "Ekstra”  for  the 
ZIL-111  and  "Chayka"  automobiles.  Gasolines  produced  by  catalytic 
processes,  containing  admixtures  of  high-octane  components  (alkylate, 
toluene,  alkylbenzene.  Industrial  isooctane.  Isopentane,  etc.)  are 
used  for  the  production  of  the  above-mentioned  gasoline  as  well  as 
for  export  brands. 

The  techniques  Involved  In  the  production  of  the  "Ekstra"  gaso¬ 
line  have  not  yet  been  finalized.  It  Is  produced  in  individual  batches, 
each  having  a  different  ratio  of  components  (Table  98), 

The  "Ekstra"  gasoline  (batch  3,  Table  98)  successfully  passed  all 
tests  in  a  ZIL-111  engine  and  is  presently  used  in  domestfic  higher- 
class  automobiles. 

In  addition  to  the  automotive  gasolines  for  the  domestic  market, 
the  refineries  are  producing  export  gasolines  under  the  brands  indi¬ 
cated  in  Table  99. 

Our  export  gasolines  are  on  a  par,  from  the  standpoint  of  qual¬ 
ity,  with  the  best  Buropean  brands  and  are  in  great  demand  in  many 
countries. 

The  selection  of  the  automotive-gasoline  grade  required  for  ;.cr  - 
cial  operation  of  a  given  automobile  is  a  function  of  the  stsnicturu: 
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TABLE  98 

Composition  and  Properties  of  Specimens  of  "Ekstra” 
Gasoline 
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lb  ^  a.  . . 

17  «  10%  . . 
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-  21  a)  oetaTox  x  norcpx,  14  ....  . . 
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23  KacaoTBOGTB.  Mt  KOH/tOO  m . 

24  CoAepataaaa  ^XTxaecxax  cmox,  ait/lOO  au  .  .  . 

25  HRAyRaBORxaii  aepBox,  Mxa.  . 

26  CoaepMaaRt  capu.  % . 

27  HcauTaaaa  xa  xanaot  aaaetxxxa  . 

28  CoAepxtaxRe  BaRopacrBopxmx  xacaor  x  xpBoaai 

29  CoMipNuaiiB  xauBxiaciuu  npxxaeal  a  aoipt  .  . 


BtiAepii 

Qieyieiaaa 

32  a 


1)  Indicators j  2)  batch?  3)  composition  by  compon¬ 
ents,  ^  by  weight;  4)  a)  catalytic -cra.cklng  gaso¬ 
line;  5)  b)  alkylate;  6)  c)  toluene;  7)  d)  head 
fractions  of  direct -distillation  gasoline;  8)  e) 
gaseous  gasoline;  9)  f)  isooctylene;  10)  g)  hydro- 
rorming  xylene  fractions;  11)  octane  number,  ac¬ 
cording  to  research  method;  12)  a)  in  pure  form; 

13)  b)  with  addition  of  tetraethyllead  (TES  [TEL]); 

14)  TES  [TEL]  content,  in  g/kg  of  gasoline;  Ip) 
fractional  composition  (distilled  at  a  temperature 
of,  ®C);  16)  a)  start  of  boiling;  17)  b)  lOjS;  I8) 
c)  50?S;  19)  d)  90^;  20)  e)  end  of  boiling;  21)  f) 
residue  and  losses,  22)  pressure  of  saturated 
vapors,  mm  Hg;  23)  acidity,  mg  KOH/lOO  ml;  24) 
content  of  actual  resins,  mg/lOO  ml;  25)  Induction 
lag,  minutes;  26)  sulfur  content,  27)  test  on 
copper  plate;  28)  content  of  water-soluble  acids 
and  alkalis;  29)  content  of  mechanical  impurities 
and  water;  30)  above  6OO;  3I)  withstands;  32)  ab¬ 
sent. 


features  of  the  particular  engine  in  question.  The  factory,  in  its 
instxnictlons  for  the  automobile,  provides  special  stipulations  as  to 
the  grade  of  automotive  gasoline  with  which  the  particular  engine  sue 
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TABLE  99 

Technical  Specifications  for  Export  Automotive 
Gasolines  _ _ _ 
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1)  Indicators;  2)  standards  for  various  brands; 

3)  density  not  higher  than;  4)  TES  [TEL] 

content  in  ml/kg,  not  more  than;  5)  octane  num¬ 
ber;  6)  by  the  research  method,  not  lower  than; 

7)  hy  the  motor  method,  not  lower  than;  8)  frac¬ 
tional  composition  (distills  at  a  temperature  of, 
®C);  9)  a)  10$^,  not  higher  than;  10)  b)  50jS,  not 
higher  than;  11)  c)  90^,  not  higher  than;  12)  d) 
end  of  boiling,  not  higher  than;  13)  pressure  of 
saturated  vapors  in  ram  Hg,  not  greater  than;  l4) 
content  of  resins  in  mg/lOO  ml  of  gasoline,  not 
higher  than;  15)  induction  lag  in  minutes,  not 
less  than;  16)  sulfur  content  in  S^,  not  more 
than;  17)  absent. 


cessfully  passed  extensive  factory  tests  and  which  (gasoline)  serves 
as  the  basic  grade  of  fuel  for  this  engine. 

It  should  be  borne  in  mind  that  there  is  no  other  fuel  which 
completely  replaces  automotive  gasoline.  Even  aviation  gasoline  (B- 
70)  does  not  fully  correspond  to  the  requirements  of  an  automotive 
gasoline.  Itiis  gasoline  exhibits  a  somewhat  higher  temperature  at 
which  lOjt  bolls  off,  and  therefore  the  starting  properties  of  this 
gasoline  are  inferior  to  those  of  automotive  gasolines.  Repeated 
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tests  have  also  shown  that  in  operations  with  B-70  gasoline  an  auto¬ 
motive  engine  generally  overheats.  The  latter  is,  apparently,  caused 
by  the  lower  viscosity  of  the  B-70  gasoline  as  a  result  of  which  a 
larger  quantity  of  fuel  manages  to  pass  through  the  constant  orifice 
of  the  carburetor  Jets  and  there  Is  formed  a  combustible  mixture  that 
is  richer  in  composition  than  would  be  the  case  with  operations  on 
automotive  gasoline  [2]. 

Automotive  engines  designed  for  low  antiknock  values  of  the  gas¬ 
olines  used  can  be  employed  with  automotive-gasoline  grades  that  ex¬ 
hibit  higher  antiknock  properties,  but  there  will  be  no  Improvement 
in  engine  operation  in  this  case,  and  the  cost  of  the  high-octane 
gasolines  will  always  be  higher  than  that  of  the  low-octane  gasolines. 
CHEMICAL  COMPOSITION  OP  AUTOMOTIVE  GASOLINES 

Automotive  gasolines  are  a  complex  mixture  of  various  hydrocar¬ 
bons  containing  a  small  quaintlty  of  nonhydrocarbon  admixtures  —  sul¬ 
fur,  nitrogen,  and  oxygen  compounds.  The  chemical  composition  of  com- 

4 

mercial  automotive  gasolines  is  extremely  Inconstant  and  is  a  func¬ 
tion  of  the  quantity  and  quality  of  the  components.  Since  commercial 
automotive  gasolines  consist  primarily  of  components  obtained  by  di¬ 
rect  distillation  and  by  thermal  and  catalytic  cracking,  it  is  nat¬ 
ural  that  the  physicochemical  and  operational  properties  of  these 
gasolines  be  determined  primarily  by  the  chemical  composition  of 
these  tlu’o©  components. 

The  gasolines  obtained  thi’ough  the  direct  distillation  of  petro¬ 
leum  are  the  most  thoroughly  studied  components  of  automotive  gaso¬ 
lines.  The  content  of  certain  hydrocarbons  in  gasolines  produced  by 
direct  distillation  is  wholly  dependent  on  the  presence  of  these  hy¬ 
drocarbons  in  the  initial  petroleum.  The  quatttity  of  aromatic  and 
nai^thenlc  hydrocarbons  in  these  gasolines,  as  a  rule.  Increases  as 
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TABLE  100 

Group  Composition  of  Direct-Distillation  and  Ther¬ 
mal-Cracking.  Gasolinea_JEEoduced  from  the.  Same  Pe¬ 
troleums 
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l)  Gasolines;  2)  specific  weight  3)  start  of 

boiling^  °C;  4)  end  of  boiling,  ®C;  5)  group  com¬ 
position,  6)  unsaturated  hydrocarbons;  7)  aro¬ 
matic  hydrocarbons;  8)  naphthenic  hydrocarbons; 

9)  paraffinic  hydrocairbons ;  10)  direct-distilla¬ 
tion  Baku;  11)  Baku  cracking  gasoline;  12)  di¬ 
rect  -distillation  Groznyy;  13)  Groznyy  cracking 
gasoline. 


TABLE  101 

Content  of  Hydrocarbon  Groups  (in  in  Ther¬ 
mal-Cracking  Gasoline  [3) 
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ber;  7)  aromatic;  8)  acyclic;  9)  aromatic;  10) 
hexamethylene;  11}  pen tame thy lene;  12)  paraf¬ 
finic. 


the  boiling  point  of  the  fraction, rises  when  there  is  a  corresponding 
reduction  in  the  quantity  of  pai'affinic  hydrocai’bons.  Unsaturated  ixv- 
drocarbons  are  completely  absent  or  present  in  extremely  inslgntri- 


cant  quantities.  Sulfur,  nitrogen,  and  oxygen  compounds  are  concen¬ 
trated  primarily  in  the  gasoline  tailings. 

Thermal-  and  catalytic -cracking  gasolines  are  more  complex  sub¬ 
jects  for  investigation  than  direct -distillation  gasolines  as  a  re¬ 
sult  of  the  fact  that  the  former  oontaln  subetantial  auantltles  of  un¬ 
saturated  hydrocarbons  capable  of  reaction. 

The  quantity  of  paraffinic  and  naphthenic  hydrocarbons  in  ther¬ 
mal-cracking  gasolines  is  determined  primarily  by  the  nature  of  the 
initial  crude,  and  the  content  of  unsaturated  hydrocarbons  is  deter¬ 
mined  primarily  by  the  refining  regime.  Here,  as  a  rule,  there  are 
more  aromatic  hydrocarbons  than  in  the  direct -distillation  gasolines 
produced  from  the  same  petroleums  (Table  100). 

An  increase  in  the  content  of  aromatic  hydrocarbons  in  the  ther¬ 
mal-cracking  gasolines  can  be  explained  by  the  fact  tJiat  the  heavy 
fractions  of  petroleum,  richer  in  aromatic  hydrocarbons,  serve  as  the 
crude  for  cracklngi  moreover,  under  the  conditions  of  craclcing  the 
lower  aromatic  hydrocarbons  are  quite  stable  and  are  converted  into 
gaseous  products  to  a  lesser  extent  than  are  the  naphthenic  and  paraf¬ 
finic  hydrocarbons. 

Among  the  paraffinic  hydrocarbons  in  the  thermal -cracking  gaso¬ 
lines,  pentane,  hexane,  heptane,  octane,  nonane,  isohexsuie,  trimethyl- 
ethylmethane,  diisopropyl,  isopentane,  isoheptane,  etc*  have  been 
identified.  The  basic  mass  of  the  paraffinic  hydrocai’bons  contained 
in  thermal -crack! gasolines  belongs  to  the  normal  or  slightly 
„  branched  pai’affins. 

The  najdithenic  Iiydi’ccarbons  of  thermal -cracking  gasolines  are 
derivatives  of  cyclopentane  and  cyclohexane.  Among  these,  metiiyloyelo- 
pentane,  cyclohexane,  dlmethylcyelopentane  oxiA  methylcyclohexane, 
etc,  have  been  identified.  "IBie  presence  of  the  tertiary  carbon  atom 


has  been  established  in  naphthenic  hydrocarbons. 

Of  the  aromatic  hydrocarbons,  the  greatest  quantity  of  benzene 
has  been  found  in  the  thermal -cracking  gasolines,  and  here  toluene, 
the  xylenes,  and  the  heavier  alkylbenzenes  predominate. 

The  unsaturated  hydrocarbons  of  thermal -cracking  gasolines  are 
primarily  raonoolefins.  The  cycloolefins  are  contained  in  the  middle 
and  higher  fractions  of  petroleum.  3-  and  2-methylpentenes,  4-  and 
5-methylhexenes ,  hexene,  some  heptenes  and  octenes,  methyl  eye  lopen- 
tene,  etc.  have  been  identified. 

The  quantity  of  diolefinic  hydrocarbons  in  thermal -cracking  gas¬ 
olines  does  not  exceed  1%, 

Piperylene  and  cyclopentadiene  have  been  identified  in  the  low- 
boiling  fractions  of  gasoline  through  reactions  with  maleic  anhy¬ 
dride. 

The  content  of  individual  groups  of  hydrocarbons  in  various  gas¬ 
oline  fractions  produced  by  the  thermal  cracking  of  mazout  from  Qroz- 
nyy  paraffinic  peti’oleura  is  presented  in  Table  101. 

The  catalytic-cracking  gasolines  are,  in  terras  of  chemical  com¬ 
position,  unlike  the  thermal -cracking  gasolines  in  that  the  former 
have  a  higher  content  of  aromatic  and  isoparaffinic  hydrocarbons.  The 
content  of  unaaturated  hydrocarbons  in  catalytic -cracking  gasoline 
from  a  light  crude  (the  kerosene-gas -oil  fraction)  is  generally  lower 
than  in  thermal -cracking  gasolines.  As  the  ciude  becomes  heavier,  the 
quantity  of  unsaturated  hydrocarbons  in  the  single-stage  catalytic- 
cracking  gasoline  increases.  Among  the  unsaturated  hydrocarbons  of 
the  catalytic-cracking  gasoline  from  a  heavy  crude,  the  olefins  with 
straight  and  branched  chains  predominate.  The  quantity  of  those  ole¬ 
fins  amounts  approxlsoately  to  50$^  of  the  over -all  content  of  unsat¬ 
urated  hydrocarbons  in  the  gasoline.  Approximately  SPJg  is  made  up  of 


unsaturated  side  chains  linked  with  the  aromatic  nucleus.  Dloleflnlc 
hydrocarbons  with  conjugate  bonds  may  be  present  in  substantial  quan 
titles  In  single-stage  catalytic -cracking  heavy-crude  gasolines. 


TABLE  102 

Content  cf  Hydrocarbon  Groups  (in  j^)  in  Cataly¬ 
tic-Cracking  Gasoline  [3] 
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aromatic;  8)  acyclic;  9)  aromatic;  10)  hexame- 
thylene;  11)  pentamsthylene;  12)  paraffinic. 


TABLE  103 

Sulfur  Content  In  Gasoline  Distillates  from  Va¬ 
rious  Sources 
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1)  Gasolines;  2)  over-all  content  of  sulfur, 

3)  quantity  of  sulfur  compounds,  jS;  4)  hydrogen 
sulfide;  5)  elementary  sulfur:  6)  mercaptans; 

7)  sulfides;  8)  disulfides;  9/  residual  sul- 
fur***;  10)  direct-distillation  gasoline  from 
Tuymasy  petroleum*;  11)  thermal -cracking  gaso¬ 
line  from  masout  of  Tuymaay  petroleum**;  12)  cat¬ 
alytic-cracking  [Key  continued  on  following  page] 


[Key  to  Table  103  continued]:  gasoline  from  350-450°  fraction  of  Tuy- 
mazy  petroleum. 

*Accordlng  to  data  from  A.  S.  Vellkovskly  and  S.N.  Pavlova. 
**Accordlng  to  data  from  A.V.  Agafonov,  B. G.  Abayeva,  and  N. A.  Okln- 
shevlch. 

***Resldual  sulfur  —  conventional  designation  of  remaining  sulfur  com¬ 
pounds  In  Paradzher  analysis. 


The  distribution  of  the  hydrocarbon  groups  In  the  fractions  of 
the  gasoline  produced  through  the  catalytic  cracking  of  the  kerosene- 
gas  -oil  fraction  of  the  Groznyy  paraffinic  petroleum  Is  presented  in 
Table  102. 

An  examination  of  the  data  in  Tables  101  and  102  will  show  a 
substantial  difference  between  the  content  of  unsaturated  and  aro¬ 


matic  hydrocarbons  in  thermal-  and  catalytic -cracking  gasolines.  The 
thermal -cracking  gasoline  contains  45^  unsaturated  hydrocarbons,  and 
115^  aromatic  hydrocarbons,  whereas  the  catalytic -cracking  gasoline, 
conversely,  contains  substantially  more  aromatic  (33^)  and  less  un¬ 
saturated  (llj^)  hydrocarbons.  The  tendency  to  increase  the  concentra¬ 
tion  of  aromatic  hydrocarbons  into  higher -boiling  fractions  Is  parti¬ 


cularly  noticeable  In  the  catalytic -cracking  gasoline. 


unsaturated  hydrocarbons  is  virtually  absent  In  the  catalytic -cracking 

* 

gasoline.  The  presence  of  unsaturated  hydrocarbons  with  a  five-member 
ring  Is  greater  by  a  factor  of  almost  3  in  the  thermal -cracking  gaso¬ 
line  than  In  the  catalytic -cracking  gasoline. 

The  sulfur  compounds  are  the  most  significant  of  the  nonhydrocar¬ 
bon  admixtures  in  gasoline.  Their  presence  substantially  affects  sAioh 
operational  properties  of  gasolines  as  their  responsiveness  tc  th.i' 
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tlknock  agent,  their  tendency  to  oxidation  and  scale  formation,  their 
anticorrosion  properties,  etc.  With  an  Increase  in  the  quantity  of 
sulfur  compounds  in  the  gasoline,  the  operational  properties  of  the 
gasoline  are  impaired. 

In  the  direot-dietillation  gasolines  produced  from  sulfur-bear¬ 
ing  petroleums,  the  content  of  sulfur  compounds  is  generally  small. 

The  basic  mass  of  the  sulfur  compoimds  are  found  in  the  higher -boiling 
fractions  of  the  petroleum.  As  these  fractions  are  refined  by  means  of 
thermal  or  catalytic  cracking,  the  resultant  gasolines  contain  more 
sulfur  compounds  than  do  the  gasolines  produced  by  the  direct  distil¬ 
lation  of  this  same  petroleum  (Table  103). 

The  basic  difference  in  the  ccmiposition  of  the  sulfur  compounds 
in  the  gasolines  obtained  by  the  various  refining  processes  frcmi  one 
and  the  same  petroleum  (Table  103)  lies  in  the  content  of  the  so- 
called  "residual  sulfur."  In  the  direct-distillation  gasolines  approx¬ 
imately  18. 6?^  of  the  total  sulfur  content  is  contained  in  this  resi¬ 
due,  whereas  in  thermal-  and  oata3ytic -cracking  gasoline  "residual 
sulfur"  amounts  to  71.8  and  76.8^,  respectively.  The  quantity  of  these 
compounds  in  the  composition  of  the  "residual  sulfur"  in  the  thermal- 
and  catalytic -cracking  gasolines  is  approximately  identical,  but  there 
is  a  diffei'ence  in  quality,  since  it  is  substantially  more  diffioult 
to  pui'lfy  the  thoimal -cracking  gasolines  of  sulfur  than  is  the  case 
with  the  catalytic -cracking  g^olines. 

©le  oxygen  cos^^unds  of  gasolines  pertaiai  primarily  to  oi^aaic 
acids  and  phenols.  Iheso  compounds  as'e  found  basically  in  the  high- 
boiling  gasoline  fractions.  Cracki^ig  gasolines  generally  om>taln  more 
oxygen  compounds  than  diroct-distillatien  gasolines. 

Kltrogen  compounds  are  contained  in  gasolines  in  insignificant 
quantities,  and  generally  in  the  fora  of  derivatives  of  pyridine  and 
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respect  to  the  fractional  composition  of  a  gasoline  to  provide  for  en¬ 
gine  start  have  as  yet  been  worked  out. 

For  example^  N.V.  Brusyantsev  [11]  maintains  that  In  order  to 
provide  for  the  starting  of  automotive  engines  during  the  winter  in 
the  central  belt  of  the  Soviet  Union  at  an  air  temperature  of  -20®  or 
higher  it  is  necessary  for  the  10%  distillation  temperature  of  the 
gasoline  being  used  to  be  no  higher  than  76-78°  (under  the  condition 
that  use  is  made  of  corresponding  grades  of  lubrication  oils  which 
will  provide  for  rather  easy  turning  of  the  crankshaft  of  the  engine 
at  this  temperature). 

In  the  proposals  of  the  NAMI  [State  All-Union  ’’Order  of  Labor 
Red  Banner"  Automobile  and  Automobile  Engine  Scientific  Research  In¬ 
stitute]  with  respect  to  the  new  specifications  for  domestic  automo¬ 
tive  gasolines  [12]  provision  has  been  made  for  a  reduction  of  the 
lOJ^-dis tilled  temperature  to  60®  (in  the  place  of  the  75-79®  accord¬ 
ing  to  the  GOST  2084-56)  for  summer  gasoline  grades  and  to  50®  In  the 
place  of  65®  for  winter  grades. 

According  to  the  data  of  A. S.  Irisov  [17]  (Fig*  l4o)  the  A-72 
gasoline,  having  a  lOjf-distilled  temperature  below  70®,  must  provide 
for  the  start  of  a  cold  engine  to  a  temperature  of  -17®  or  above,  and 
the  winter  A-66  gasoline  (lOJ^  boils  ever  below  65®)  must  provide  for 
the  start  of  a  cold  engine  at  a  temperature  of  -24®  or  above. 

In  Gi^eat  Britain,  where  the  air  temperature  during  the  winter 
rarely  falls  below  -7®>  it  is  felt  that  in  order  to  provide  for  the 
satisfactory  starting  of  a  cold  engine  it  Is  necessary  for  10^  of  the 
winter  gasoline  grade  to  be  distilled  below  60®,  For  the  summer  gaso¬ 
line  grade  Uie  distillation  temperature  (10^)  may  be  raised  to  70® 

(133. 

In  the  USA,  in  x’seent  years,  the  ease  and  reliability  of  starting 
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a  cold  engine  has  been  associated  with  the  quantity  of  light  fractions 
in  the  gasoline,  said  fractions  boiling  over  below  70®  [l4,  15],  It  is 
felt  that  the  starting  of  an  engine  at  an  air  temperature  of  -20® 
meets  with  no  difficulty  if  the  gasoline  being  used . contains  more  than 
'20^  of  light  fractions  boiling  over  below  70®  (Pig.  l4l). 


TABLE  104 

Properties  of  Automotive  Gasolines  Tested  for  En¬ 
gine  Start 
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(GOST  1756-52),  mm  Ife;  8)  limit  air  temperatures 
at  which  cold -engine  start  is  possible,  ®C. 

In  order  to  refine  the  requirements  imposed  on  the  fractional 
composition  of  gasolines  and  to  clarify  the  starting  properties  of 
these  gasolines,  tests  on  seven  gasoline  specimens  [35]  were  carried 
out,  each  gasoline  differing  from,  the  other  in  terms  of  the  content 
of  light  fractions.  These  specimens  were  prepared  on  a  base  of  the 
commercial  automotive  gasoline  A-72  by  distillation  or  through  •' 


TABIE  105 

Data  of  Various  Investigations  Into  the  Effect 
of  the  lOJ^-Dis tilled  Temperature  of  a  Gasoline 
on  the  Starting  Properties  of  this  Gasoline 
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Pig.  I4l.  Effect  of 
vaporlzability  and 
air  temperature  on 
duration  of  start. 

1)  Duration  of  start, 
secj  2)  percent  of 
vaporization  at  70°C. 
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temperature  of  the  gaso¬ 
line,  OQ. 


dition  of  light  fractions  (Table  104). 

The  tests  were  carried  out  during  the  winter  in  an  automobile- 
laboratory  equipped  with  a  OAZ-51  engine,  with  the  temperature  of  the 
surrounding  air  at  -27*^  or  higher.  For  the  crankcase  oil  a  low-vis - 
coslty  motor  oil  was  used,  since  this  oil  made  it  possible  to  obtain 
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the  number  of  engine  revolutions  required  to  start  the  engine  at  an 
air  temperature  of  -27^  or  higher. 

Figures  l42.,-  l43>-and  l44  show  the  limit  air  temperatures  at 
which  engine  start  is  possible  as  a  function  of  the  fractional  compo¬ 
sition  and  the  pressure  of  the  saturated  vapors  of  the  gasolines  be¬ 
ing  investigated. 

The  limit  starting  temperatures  for  engines  operating  on  gaso¬ 
lines  of  various  fractional  compositions  is  virtually  directly  pro¬ 
portional  to  the  value”©!^!!®  lO^^istilled  temperatures  of  the  gaso¬ 
line  (Pig.  *142). 

The  data  that  were  obtained  on  the  effect  that  the  lOjS-dlstllled 
temperature  of  the  gasoline  has  on  the  starting  properties  of  the 
gasoline  and  the  earlier-published  results  of  the  investigations  are 
presented  in  Table  105. 

The  limit  starting  temperatures  that  have  been  determined  are 
substantially  lower  than  those  presented  by  Braun  [10],  and  somewhat 

t 

lower  than  those  determined  by  Cowderay  and  Witters  [19].  The  diver¬ 
gence  in  the  data  can  be  explained  by  the  differences  in  the  designs 
of  the  test  engines,  the  properties  of  the  lubricants  employed,,  and 
the  methods  by  which  the  testa  were  carried  out. 

On  the  basis  of  the  obtained  results,  the  following  formula  may 
be  recommended  for  practical  utilization: 

‘v  -  ho/2  -  50. 5. 

where  t^  is  the  minimum  air  temperature  at  which  engine  start  is  pos¬ 
sible,  in  ^C;  Is  the  lO^-dis tilled  temperature  of  the  gasoline, 
in  ®C. 

The  tests  that  were  carried  but  showed  that  in  order  to  start  a 
cold  engine  during  the  winter,  under  the  climatic  conditions  of  uh.c 
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northern  and  central  belts  of  the 


Soviet  Union  (at  an  air  temperature 
ranging  between  -20  and  25®)  the 
lOJ^-distilled  temperature  of  the 
gasoline  should  not  exceed  50-60®# 
and  no  less  than  20 -25/^  of  the 
gasoline  should  boil  over  below 


Pig.  l43«  Limit  air  tempera¬ 
ture  at  which  cold -engine 
starts  are  possible  as  a  func¬ 
tion  of  the  quantity  of  light 
fractions  boiling  over  below 
70°.  1)  Air  temperature,  °C; 

2)  quantity  of  light  fractions 
boiling  over  below  70°,  % 


2  MoSffeHUfHaetmeMHbtinapoi, 


70®  (see  Pig.  143). 

The  relationship  between  the 
minimum  air  temperature  for  engine 
start  and  the  pressure  of  the  sat¬ 
urated  vapors  of  the  gasolines  em¬ 
ployed  is  quite  characteristic  (see 
Pig.  l44).  With  a  reduction  in  the 
pressure  of  the  saturated  gasoline 
vapors  to  250-260  ram  Hg,  the  start¬ 
ing  properties  of  the  gasoline  are 
impaired  virtually  recti linearly. 

"T:he~reductlon  of  the  pressure  of 


Pig.  l44.  Limit  air  tempera¬ 
ture  at  which  cold -engine 
starts  are  possible  as  a  func¬ 
tion  of  the  pressure  of  tlie 
saturated  gasoline  vapors 
(aOST  1756-52).  1)  Air  temper¬ 
ature,  °Cj  2)  pressure  of  sat¬ 
urated  vapors,  ram  Hg. 


the  saturated  vapors  below 
250  mm  Hg  is  accompanied  by  a  pro¬ 
nounced  impairment  of  the  starting 
properties.  These  data  indicate  the 
need  for  limiting  the  lower  limit 


of  the  pressure  of  the  saturated  vapors  of  automotive  gasolines.  To 


provide  for  engine  starting  even  in  relatively  wana  weather,  the  pres¬ 
sure  of  the  saturated  gasoline  vapors  should  not  be  below  250  mm  Hg. 

The  upper  limits  of  the  pressure  for  the  saturated  vapors  of  do¬ 
mestic  automotive  gasolines  (700  mm  Hg  for  the  winter  grades  of  gaso- 
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TABLE  106 

Effect  of  Air  Temperature  on  Gasoline  Consump¬ 
tion  and  Duration  of  Co Id -Engine  Start  of 
’’Moskvlch”  Automobile  [20] 


^TcMneptryp*  . 
coaayxa,  *C 

npoAonmnTOAbnocn  nycxa 

(B  COK.)  HB  5ou3Bue,  lOJi  K0> 
2  Toporo  Bcnapflercii  npa 

PaexoA  TonnnBB  (b  m*)  npx 
nycKe  iia  fiouaaue,  10%  xo* 

^  Toporo  ncnapiiOTCX  npx 

79* 

72« 

79* 

72* 

0 

10,3 

9,4 

.  10,0 

9,1 

““8 

45,0 

29,0 

48,0 

30,0 

~16 

515,0 

225.0 

678,0 

399,0 

l)  Air  temperature,  ©Cj  2)  duration  of  start 
(in  seconds)  with  gasoline  of  which  10^  vapor¬ 
izes  at;  3)^ -fuel-oonsumptlon  (in  ml)  during 
starts  with  gasoline  of  which  10^  vaporizes  at. 


line  and  500  mm  Hg  for  all  of  the  remaining  grades)  satisfy  the  re¬ 
quirements  of  automotive  engines  in  terms  of  the  starting  properties 
of  gasolines. 

The  starting  of  a  cold  engine  depends  not  only  on  the  fractional 
composition  of  the  gasoline  being  used,  but  on  the  quality  of  the 
lubricant  as  well,  and  on  the  design  of  the  carburetor,  the  Intake 
manifold,  and  a  number  of  other  factors.  However,  the  starting  of 
each  engine  is  doubtlessly  facilitated  by  the  utilization  of  gaso¬ 
lines  which  contain  a  greater  number  of  the  light  fractions  which 
boll  over  below  70°,  which  exhibit  a  lower  lOj^-distllled  temperature, 
and  a  higher  pressure  of  saturated  vapori. 

It  should  be  borne  in  mind  that  an  increase  in  the  time'  required 
to  start  an  engine  functioning  rm  a  gasoline  which  exhibits  poor  va¬ 
porization  pz?opertles  will,  naturally,  be  accompanied  by  an  Increase 
in  the  fuel  consumption  (Table  106). 

As  the  temperature  of  the  surrounding  air  drops,  the  quantity  of 
gasoline  consumed  in  the  starting  of  the  engine  increases;  the  con¬ 
sumption  of  a  gasoline  which  exhibits  poor  vaporization  properties  in 
creases  pax’ticularlj^  sharply  (see  Table  106). 


It  Is  possible  to  improve  the  starting  characteristics  of  gaso¬ 
lines  by  lightening  their  fractional  composition  only  within  certain 
limits.  The  utilization  of  extremely  light  gasolines  in  an  engine  re¬ 
sults  in  other  operational  difficulties  —  the  formation  of  vapor 
looks  in  the  fuel  inanlfolde  and  the  gushing  of  the  fuel  through  the 
carburetor  jets. 

Formation  of  vapor  locks 

In  automobile  operation  it  has  been  noted  that  the  light  gaso¬ 
lines  which  are  capable  of  vaporizing  Intensely  at  the  temperature  be¬ 
ing  evolved  beneath  the  hood  of  a  heated  and  normally  functioning  en- 


iToMnopaTypa  oiroaa 
lOK  Caaanna, 

oToMnopatypa  na'iaaa  o$pa- 
^  aoBanoa  napoaux  npofox. 

•c  . 

40 

1 

--13 

SO 

+7 

60 

+27 

70 

+47 

80 

+67 

l)  1056-dlstllled  temperature  of 
gasoline,  2)  temperature  of 
beginning  of  formation  of  vapor 
locks ,  ®C. 

gine  can  form  so-called  "vapor  locks”  in  the  fuel  manifolds  and  the 
carburetor  channels.  The  f*uel  begins  to  enter  through  the  carburetor 
jet  in  the  form  of  a  foam  consisting  of  liquid  gasoline  and  carrying 
(in  suspension)  numerous  air  and  gasoline -vapor  bubbles.  Here  the 
quantity  of  gasoline  (by  weight)  employed  for  the  pi’eparation  of  the 
mixture  diminishes  sharply  and  the  cwnbustible  mixture  is  drastically 
leaned;  the  engine  begins  to  “sputter”  and  may  stall  (18]. 

The  formation  of  vapor  locks  is  much  more  serious  in  t;he  summer 
than  it  is  in  the  winter,  and  particularly  in  those  regions  situated 
high  above  sea  level.  Therefore,  mmiy  countries  have  developed  special 
grades  of  gasoline  for  use  within  a  specific  climatic  zone  and  for  a 
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definite  time  of  the  year.  During  the  winter  gasolines  with  a  greater 
quantity  of  easily  vaporizing  fractions  are  used  to  provide  for  ease 
of  engine  start  in  cold  weather,  whereas  during  the  summer  gasolines 
are  used  with  a  lower  tendency  to  vaporize,  this  in  order  to  prevent 
the  formation  of  the  vapor  locks. 

The  most  favorable  conditions  for  the  formation  of  vapor  locks 
are  present  as  an  engine  is  stopped  in  hot  weather.  In  this  case,  the 
engine  compartment  is  no  longer  ventilated,  and  the  air  temperature 
rises  sharply;  the  gasoline  in  the  fuel  manifold  then  heats  up  dras¬ 
tically.  These  conditions  favor  intensive  gasoline  vaporization  and 
the  formation  of  vapor  locks,  as  a  result  of  which  it  is  impossible 
to  start  the  engine  even  if  the  automobile  has  been  brought  to  a  stop 
for  only  a  short  period  of  time. 

As  the  engine  is  stopped,  and  sometimes  during  engine  operation, 
we  can  observe  yet  another  phenomenon  that  is  associated  with  the  ex¬ 
cessive  vap’orizatlon  of  the  gasoline  in  the  engine  fuel-feed  system  — 
this  is  the  gushing  of  the  fuel  through  the  carburetor  Jets.  The  gaso¬ 
line  vapors  may  collect  in  the  bottom  part  of  the  carburetor  flow 
chamber,  thus  forcing  the  liquid  gasoline  into  the  intake  system  of 
the  engine.  The  ejected  gasoline  forms  a  somewhat  overly  rich  mixture 
and  the  normal  operation  of  the  carburetor  is  disrupted.  This  phenom¬ 
enon  has  been  designated  as  "percolation. " 

The  air  temperature  (t,^)  at  which  the  formation  of  vapor  looks 
is  possible  is  associated  with  the  lOJiS-d  is  tilled  temperature 
of  the  gasoline  by  the  following  equation  [10]: 

*v  -  2*10)6  -  93. 

In  calculations  with  this  formula,  we  obtain  values  of  the  temp¬ 
eratures  for  the  beginning  of  the  formation  of  vapor  locks  as  l*unc- 
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tlons  of  the  vaporlzability  of  the  gasoline  being  employed. 

In  accordance  with  these  data  and  the  results  presented  earlier 
on  the  effect  that  the  10^-vaporization  temperature  of  the  gasoline 
has  on  the  start  of  an  engine  (see  Pig.  l42),  a  gasoline  with  a  10% 
point  equal  to  50®  may  be  used  successfully  at  an  air  temperature 
ranging  from  -26®  (from  the  starting  of  the  cold  engine)  to  +7®  (to 
the  formation  of  vapor  locks);  a  gasoline  with  a  10%  point  equal  to 
60®  may  be  used  at  2in  air  temperature  ranging  from  -20®  to  +27®;  a 
gasoline  with  a  10^  point  equal  to  70®  may  be  used  in  an  air  tempera¬ 
ture  range  from  -15°  to  +47®,  and  a  gasoline  with  a  10%  point  equal  to 
80®  may  be  used  within  a  temperature  range  of  -10®  to  +67®. 

The  temperatures  presented  above  can  be  used  only  as  tentative 
data  for  a  determination  of  the  adaptability  of  a  given  gasoline  spe¬ 
cimen,  since  the  pressure  of  the  saturated  gasoline  vapors  and  the 
structural  features  of  the  engine's  fuel  system  have  not  been  taken 
into  consideration  here. 

To  calculate  the  temperature  for  the  beginning  of  the  formation 
of  vapor  locks,  we  propose  the  following  formula  which  associates 
this  indicator  exclusively  with  the  magnitude  of  the  satui'ated -vapor 
pressure,  after  Reyd  [sic]  [10): 

t^  =  260  -  77.  8  log  Pj,, 

where  t^  is  the  temperature  of  the  beginning  of  the  formation  of  va¬ 
por  locks,  in  ®C;  is  the  pi'essure  of  the  saturated  gasoline  vapors, 
accordi:ig  to  Reyd  [sic],  in  mm  lig. 

Calculations  in  accordance  with  this  foi'mula  show  that  a  gaso¬ 
line  exhibiting  a  saturated -vapor  pressure  of  500  mm  Hg  will  fom  va¬ 
por  locks  at  a  temperatux^j  above  +50®,  whereas  a  gasoline  with  a  sat¬ 
urated-vapor  pressure  of  700  mm  Hg  will  form  vapor  locks  at  +39®. 
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These  data  pertain  to  the  operation  of  automobiles  in  lowland  regions 
at  sea  level.  With  greater  altitude,  vapor  locks  may  form  at  lower 
temperatures. 


Industrial  specifications  for  domestic  automotive  gasolines  per¬ 
mit  a  saturated -vapor'  pressure  of  up  to  500  mm  Hg  for  summer  grades 
and  up  to  700  mm  Hg  for  winter  grades.  In  the  proposals  of  the  NAMI 
[12]  on  the  new  specifications  for  automotive  gasolines  provision  is 
made  for  the  reduction  of  the  permissible  level  of  saturated -vapor 
pressure  to  450  and  600  mm  Hg,  respectively. 


Pig.  145.  Effect  of  sat¬ 
urated-vapor  pressure  and 
gasoline  vaporlzablllty 
on  the  formation  of  vapor 
locks  at  various  tempera¬ 
tures.  Up  to  70®  the  fol¬ 
lowing  gasolines  vapor¬ 
ize,  1)  40;  2)  30;  3) 
20;  4)  10.  A)  Saturated - 
vapor  pressure,  mm  Hg;  B) 
air  temperature,  ®G. 


Pig.  146.  The  tempera¬ 
ture  of  vapor-look  for¬ 
mation  as  a  function  of 
the  saturated -vapor 
pressure  and  the  vapor- 
izability  of  the  gaso¬ 
line  (nomogram).  1)  Sat 
urated -vapor  pressure, 
mm  Kg;  2)  air  tempera¬ 
ture,  ®C;  3)  percentage 
vaporized  below  70®C. 


A  more  esutot  idea  as  to  the  tes^ratures  prevailing  for  the  inl 
tlation  of  vapor-lock  formation  in  the  engine  feed  system  can  be  ob¬ 
tained  by  studying  the  effect  of  two  indicators  simultaneously,  1. e. 


we  have  reference  here  to  the  pressures  of  the  saturated  gasoline  va 


pors  and  the  quantity  of  light  fractions  in  the  gasoline. 

Figure  l45  shows  the  temperature  of  the  beginning  of  vapor -lock 
formation  as  a  function  of  the  pressure  of  the  saturated  gasoline  va¬ 
pors  and  the  percentage  of  gasoline  vaporlzabllity  below  70°  [16].  A 
gUBollne  exhibiting  a  saturated -vapor  pressure  of  300  mm  Hg  will  form 
vapor  locks  at  an  air  temperature  ranging  from  29  to  39°  depending  on 
the  content  of  light  fractions  (boiling  over  below  70°)  within  the 
gasoline. 

For  the  practical  determination  of  the  temperature  at  which  the 
formation  of  vapor  locks  in  engines  begins  with  the  utilization  of  a 
given  gasoline,  we  recommend  the  nomogram  [153  obtained  through  the 
evaluation  of  the  test  results  carried  out  on  many  automobiles  of  va¬ 
rious  makes  (Fig.  l46).  As  a  result  of  the  investigations  it  was  de¬ 
termined  that  this  Indicator  is  far  from  constant. 

The  variations  in  the  designs  of  the  fuel -feed  systems  are  re¬ 
sponsible  for  the  divergence  in  the  obtained  results.  The  temperature 
attained  by  the  gasoline  in  the  system  is  a  function  of  the  layout  of 
the  manifolds,  the  functioning  of  the  thermostats  and  the  radiator 
louvers,  the  ventilation  of  the  engine  compartment,  and  similar  auto¬ 
mobile  features.  The  cited  relationships  between  the  vaporlzabllity  of 
the  gasolines  and  their  tendency  toward  vapor-lock  formation  cat',  be 
used  only  for  a  tentative  evaluation  of  the  suitability  of  a  given 
gasoline  for  utilization  under  the  given  temperature  conditions. 

Warmup  and  Responsiveness  of  Stiglne 

The  time  jxjquired  for  the  warmup  of  asi  engine  depei^s  in  great 
measure  oa  the  fractional  composition  and  the  nature  of  the  distilla¬ 
tion  curve  for  the  gasoline  being  used.  The  quasitlty  of  light  and 
medium  fractions  in  the  gasoline,  as  well  as  the  90^"Vaporization 
temperature  of  the  gasoline  affect  the  warmup  of  the  engine.  In  addl- 
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Pig,  148.  Duration  of  engine 
waiTOup  as  a  function  of  gas¬ 
oline  vaporizability  and  the 
air  temperature  (nomogram), 
l)  Additional  line:  2)  air 
temperature,  3)  505^  va¬ 
porization  temperature  of 
gasoline,  OQ;  4)  duration  of 
warmup,  minutes j  5)  percent¬ 
age  of  vaporisation  below 
70«HJ. 


we  can  use  the  nomogram  (Pig.  148) 
compiled  from  an  evaluation  of  the 
test  results  from  six  automobiles  of 
various  designs. 

By  the  term  ” responsiveness'*  of 
an  engine  we  mean  the  speed  with 
which  the  rpn  of  a  completely 
heated  engine  can  be  increased  as 
the  throttle  is  opened  abruptly. 

The  responsiveness  of  an  engine  is 
a  function  of  the  fractional  compo¬ 
sition  of  the  gasoline  (primarily  of 
the  505fi-vaporization  temperature  of 
the  gasoline)  and  the  design  of  the 
engine’s  intake  system. 

The  automobile  will  accelerate 
satisfactorily  If  the  gasoline  pro- 


TABLE  107 

Effect  of  Fractional  Composition  on  Respor*sive- 
ness  of  GAS-51  engine  without  load* 
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♦  hfiQv  the  data  of  A.  A.  Gureyev,  Senichkln, 
and  P.G.  'Filatov.  [Key  <m  follcnsis^- page]  ’ 


[Key  to  Table  107] :  l)  Time  from  Instant  of  throttle  opening,  sec;  2) 
total  engine  rpm  after  opening  of  throttle,  when  operating  on  a  gaso¬ 
line  of  the  following  fractional  composition;  3)  50^  vaporizes  below  , 
97®;  end  of  boiling,  171®;  4)  50^  vaporizes  below  107®;  end  of  boil¬ 
ing,  175°;  5)  50^  vaporizes  below  112®;  end  of  boiling,  l8o®;  6)  50^ 
vaporizes  below  120®;  end  of  boiling,  l82®;  7)  50$^  vaporizes  below. , 
120®;  end  of  boiling;  186®. 

Vldes  for  a  fuel -air -mixture  composition  equal  to  L;12  (by  weight).  ' 

If  the  gasoline  exhibits  less  satisfactory  vaporizablllty,  leaner  mix¬ 
tures  are  formed  -  having  compositions  of  l;l6,  l:l8,  and  1:20  —  and 
the  time  required  for  acceleration  increases  by  9*37  and  170^,  re¬ 
spectively  [22]. 

We  have  carried  out  experiments  to  study  the  effect  that  the 
fractional  composition  of  a  gasoline  has  on  the  responsiveness  of  the 
GAZ-51  engine,  without  load  (Table  107). 

We  can  see  from  the  data  in  Table  107  that  the  quantity  of  medium 
and  tailing  fractions  in  the  gasoline  has  a  substantial  effect  on  the 
responsiveness  of  the  engine.  In  tests  carried  out  with  the  engine 
under  load  the  difference  between  the  gasolines,  in  terms  of  the 
speed  with  which  the  rpm  can  be  increased,  may  prove  to  be  even  more 
significant. 

The  Effect  of  the  Fractional  Composition  of  Gasolines  on  Engine  Wear 

The  completeness  of  gasoline  vaporization  in  an  engine  is  char¬ 
acterized  by  the  90}t-dl3tilled  temperatures  of  the  gasoline  and  the 
end  of  gasoline  boiling.  With  high  values  for  these  temperatures, 
the  heavy  gasoline  fractions  do  not  vaporise  in  the  intake  manifold 
of  the  engine  and  enter  the  cylinders  in  liquid  form.  The  liquid  por¬ 
tion  of  the  gasoline  vaporizes  in  the  combustion  chamber,  but  not 
completely,  and  the  unvaporlzed  portion  flows  through  the  seals  of  the 
piston  rings  into  the  crankcase  of  the  engine.  In  this  case,  the  lu¬ 
bricant  is  flushed  away  from  the  walls  of  the  cylinders  and  the  oil  in 
the  crankcase  is  diluted.  At  those  points  vdiere  the  lubricant  is 
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flushed  away  semidry  friction  of  component  parts  takes  place  and  this 
is  accompanied  by  an  Increase  in  wear. 

Particular ?.y  Intensive  engine  wear  takes  place  if  the  engine  is 
started  while  cold  and  gasolines  of  a  heavy  fractional  composition 
are  used.  In  this  case  the  liquid  form  of  the  gasoline  enters,  in 
large  quantities,  the  engine  cylinders  and  there  is  serious  flushing 
of  the  lubricant  from  the  walls.  It  was  pointed  out  earlier  that  with 
a  drop  in  the  air  temperature  and  an  impairment  in  the  fractional  com 
position  of  the  gasoline  the  time  required  to  start  the  engine  in¬ 
creases  as  does  the  quantity  of  fuel  expended  on  the  start  (see  Table 
106). 

N.V.  Brusyantsev  [23]  found  that  it  is  primarily  those  gasoline 
fractions  that  boil  over  above  l80°  that  enter  the  crankcase  oil. 

Here  there  is  a  certain  reduction  in  the  viscosity  of  the  lubricating 
oil.  However,  the  basic  factor  responsible  for  increased  wear  of  au¬ 
tomotive  engines  with  the  utilization  of  fuels  exhibiting  poor  vapor- 
izability  is  not  the  dilution  of  the  crankcase  oil,  but  the  flushing 
of  the  lubricant  from  the  rubbing  surfaces  of  the  component  parts  by 
the  un vaporised  fuel.  The  degree  of  oil  dilution  in  the  crankcase  can 
be  considered  as  an  indicator  only  of  the  fact  that  the  lubricant  is 
being  flushed  away  in  the  engine  and  tliat  this  produces  increased 
wear. 

The  relationship  between  the  temperature  of  the  end  of  gasoline 
boiling  and  the  over-all  engine  wear  during  operation  with  these  gas¬ 
olines  is  presented  in  Pig.  1^9* 

In  addition  to  increased  wear,  fuel  consumption  (Pig.  150)  in¬ 
creases  \iith  the  utilization  of  gasolines  exhibiting  a  high  end-of- 
boiling  temperature,  and  there  is  an  intensification  of  the  dis¬ 
tribution  nonunifoinnlty  in  the  composition  (In  56)  of  the  combustible 
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Pig.  i49.  The  effect 
of  the  end  of  gaso¬ 
line  distillation  on 
engine  wear.  1)  Total 
engine  wear,  2) 
temperature  of  end  of 
gasoline  distillation.. 


Fig.  150.  Effect  of 
end  of  gasoline  dis¬ 
tillation  on  gasoline 
consumption  during 
automobile  operation. 

1)  Gasoline  consump¬ 
tion,  2)  temperature 
of  end  of  gasoline  dis¬ 
tillation,  °C. 


mixture  through  the  cylinders  of  the  engine  [24]. 

9OJS  gasoline  vaporizes  at  the  following  temperature, 


115  . 

120  . 

130  . 

140  . .- . 

150  . 

154  . . 

End  of  gasoline  boiling,  °C: 


4.4 

8.0 

14.6 

18.0 


135 

140 

150 

160 

170 

177 


3.0 

3.1 

3.2 
3.4 
4.8 

18.0 


Domestic  automotive  gasolines  exhibit  an  end-of-boiling^  tempera¬ 
ture  of  205°  (A-66  gasoline)  and  195°  (A-72  gasoline),  and  the  $0^ 
distilled  temperature  11,  respectively,  equal  to  195°  and  l80*^.  The 
winter  gasoline  for  the  regions  in  the  North  and  in  Siberia  exhibit 
an  end- of- boiling  temperature  of  190°  and  a  90^dlstilled  temperature 
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with  a  reduction  In  the  end-of-bolllng  point  for  automotive  gaso¬ 
lines,  the  operational  properties  of  the  gasolines  show  substantial 
improvement,  but  the  available  quantity  is  reduced. 

Carburetor  Icing 

The  vaporization  of  gasoline  in  the  intake  system  of  an  engine 
■'ts  accompanied' by  a  drop  In  trha'tremperature  of  the  fuel-air  mixture 
as  a  result  of  the  fact  that  the  heat  required  for  vaporization  (the 
heat,  of  vaporization)  is  taken  primarily  from  the  air  in  which  the 
vaporization  takes  place,  and  from  the  metallic  component  parts  of 
the  intake  system.  It  has  been  noted,  for  example,  that  at  an  ambient- 
air  temperature  of  the  temperature  of  the  throttle  drops  to 

—14^  within  2  minutes. 

As  a  result  of  the  reduction  of  the  temperature  in  the  fuel-air 
mixture,  the  moisture  in  the  air  freezes  and  condenses  on  the  cold 
component  parts  of  the  intake  system,  forming  an  ice  crust.  As  the 
throttle  ices  up,  the  flowthrough  section  of  the  carburetor  is  re¬ 
duced.  At  low  rpm,  and  incomplete  engine  load,  the  quantity  of  the 
injected  fuel-air  mixture  is  reduced,  the  engine  rpm  is  lowered,  the 
operation  of  the  engine  becomes  intermittent,  and  this  latter  is  ac¬ 
companied  by  the  shaking  of  the  entire  engine.  Under  particularly  un¬ 
favorable  conditions,  the  throttle  roay.„fraeze....to  the  diffuser  and  the 
engine  will  stop. 

As  a  result  of  the  formation  of  ice  on  the  je<-s,  the  flow  of 
gasoline  is  interrupted,  the  combustible  mixture  is  leaned,  and  the 
engine  rpm  is  reduced. 

The  degree  of  carburetor  icing  is  a  function  of  both  the  tempera¬ 


ture  and  humidity  of  the  air,  as  well  as  of  the  design  of  the  intake 
system,  the  vaporizabllity  of  the  gasoline,  and  the  latent  heat  of 


vaporization  of  the  components  of  the  gasoline. 

Carburetor  icing- Is  particularly  pronounced  on  cold  raw  days, 
pr  under  condltions--of-ralii--or'-fog  "(Pig.  151) .  The  greatest  stoppage 
-Of  engine  operation  as  a  result  of  carburetor  icing  is  observed  at 
100^  relative  humidity  and  at  an  ambient-air  temperature  of  about  4.5° 
[l6].  A  temperature  of  11°  is  somewhat  too  high  for  carburetor  icing, 
whereas  at  a  temperature  below  1.7°>  even  in  saturated  air,  there  is 
too  little  water  in  order  to  cause  carburetor  icing. 

In  the  case  of  easily  vaporizing  fuels,  the  almost  complete  va¬ 
porization  of  these  fuels  ceases  in  the  carburetor,  which  is  the, 
reason  why  the  carburetor  cools  off  more  drastically  and  carburetor 
icing  occurs  more  frequently  [25]  and  within  a  wider. range  of  temper¬ 
atures  and  relative  air  humidity. 

Investigations  have  shown  [13]  that  in  all  cases  in  which  the 
vaporization  temperature  of  10^,  50^,  and  90^dlstilled  gasoline  is 
Increased,  carburetor  icing  diminishes.  The  greatest  effect  is  pro¬ 
duced  by  increasing  the  lO^distilled  temperature  of  a  gasoline, 
while  the  least  influence  is  exerted  by  the  vaporization  temperature . 
of  a  90^  gasoline. 

The  prevention  of  carburetor  icing  by  means  of  raising  the 
vaporization  temperature  of  10^  gasoline  has  not  gained  widespread 
acceptance,  since  the  starting  properties  of  the  gasoline  are  im¬ 
paired  in  uhis  case. 

Carburetor  icing  can  be  effectively  countered  by  heating  the  com¬ 
bustible  mixture _ or  the  air  in  the  intake  manifold  of  the  engine. 

The  mixture  must  be  heated  so  that  the  temperature  of  the  mixture 

does  not  drop  below  +3°  with  total  fuel  vaporization,  l.e.,  below  that 

temperature  at  which  there  is  as  yet  no  freezing  of  the  moisture 
being  condensed  in  the  Intake  system  of  the  engine,  regardless  o.*’  l;'.. 
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Pig.  151.  Carburetor  icing  as  a 
function  of  air  temperature  and 
humidity,  l)  Number  of  stoppages 
in  engine  operation;  2)  lOOJ^ 
relative  humidity;  3)  air  temper¬ 
ature,  ^C. 


air  humidity. 

If  the  intake  manifold  is  heated,  the  fill  factor  for  the  com¬ 
bustion  chamber  is  reduced  as  is  engine  power;  therefore  this  means 
of  combating  carburetor  icing  can  be  employed  only  in  certain  limited 
cases . 

In  recent  times,  special  antiicing  gasoline  additives  have  gained 
widespread  acceptance  in  the  effort  to  control  carburetor  icing  [27] 
(see  Chapter  14) , 

In  an  examination  of  engine  requirements  with  respect  to  frac¬ 
tional  composition  of  gasolines  it  has  been  demonstrated  that  the 
best  operating  conditions  are  provided  in  each  climatic  zone,  depend¬ 
ing  on  the  time  of  year,  by  using  gasolines  exhibiting  optimum  frac¬ 
tional  composition.  During  the  winter  the  light  gasolines  are  most 
effective,  whei'eas  for  summer  operation  heavier  gasolines  can  be  used. 
The  suitability  of  gasolines  of  various  fractional  composition  for 
particular  engines  depends  in  great  measure  on  the  structural  fea¬ 
tures  of  the  intake  system  of  the  engine. 


ANTIKNOCK  PROPERTIES  OP  AUTOMOTIVE  GASOLINES 


The  development  of  the  automobile  manufacturing  industry  is  ac¬ 
companied  by  an  improvement  in  the  operational  characteristics  of 
engines . 

Increasing  the  compression  ratio  is  one  of  the  basic  and  most 
important  trends  in  the  developmeht  of^automotive  engines.  Through  an 


Pig.  152.  Effect  of 
compression  ratio  on 
fuel  consumption  and 
the  per- liter  horse¬ 
power  of  the  engine. 

1)  Fuel  consumption, 
1/100  kmj  2)  per- liter 
Horsepower;  3)  fuel 
consumption;  4)  com¬ 
pression  ratio. 


Pig.  153.  Effect  of  com¬ 
pression  ratio  in  engine 
on  octane  numbers  of 
automotive  gasolines. 
Engines:  1)  ZIS-120;  2)‘ 
GAZ-5I;  3)  GAZ-M20;  4) 
MZMA-401;  a)  required 
gasoline  octane  numbers; 
B)  compression  ratio. 


increase  in  the  compression  ratio  there  is  a  simultaneous  improvement 
in  two  other  basic  indicators  as  well  -  the  per- liter  horsepower  out¬ 
put  of  the  engine  is  increased  and  the  gasoline  consumption  is  reduced. 
(Pig.  152).  These  indicators  can  be  improved  only  if  a  gasoline  ex¬ 
hibiting  the  appropriate  antiknock  valuta  in  used.  With  increased 
compression  ratios  for  engines,  the  requirements  with  respect  to 
antiknock  stability  of  gasolines  Increases  (Fig.  153) .  Consequently, 
each  automotive  engine  requires  a  gasoline  with  definite  antiknock 


properties,  depending  on  the  compr’esslon  ratio  and  other  structural 
factors. 

When  using  gasolines  whose  antiknock  stability  does  not  satisfy 
engine  requirements  It  becomes  necessary  to  reduce  the  crank-angle 
lag.  The  reduction  of  the  crank-angle  lag  below  Its  optimum  value  re* 
duces  engine  power  and  Impairs  engine  economy.  As  an  illustration 
let  us  examine  the  road  knock  rating  of  the  "Moskvlch-407"  engine. 

Figure  154  shows  [28]  the  change  in  the  dynamics  of  automobile 
acceleration  (in  direct  drive,  the  time  required  to  accelerate  from 
30  to  70  km/hr),  the  change  in  fuel  economy  (the  consumption  of  fuel 
per  100  km  at  a  constant  speed  of  30  and  70  km/hr  and  in  accelerating 
the  automobile  from  30  to  70  km/hr)  and  the  reqij^ired  octane  numbers 
of  the  gasoline  (the  angles  of  the  initial  Ignition  setting,  causing 
knock  in  operations  with  reference  mixtures  having  various  octane 
numbers) . 

The  antiknock  properties  of  automotive  gasolines  are  the  most 
important  operational  Indices  of  gasoline  quality.  The  expansion  of 
the  automobile-making  industry  is  accompanied  by  a  constant  rise  in 
engine  requirements  with  respect  to  the  antiknock  stability  of  the 
fuels  being  used. 

One  of  the  most  important  tasks  of  the  Seven-Year  Plan  (1959- 
1965)  is  the  achievement  of  Improved  qualities  of  petroleum  products, 
including  automotive  gasolines. 

Tho  relationship  between  the  production  of  automotive  gar.ol  li.o.-. 
exhibiting  various  values  for  antiknock  stability  In  recent  -ir.d 

in  the  Seven-Year  Plan  is  presented  in  Table  108. 


Automotive  gasolines  are  a  complex  .mlxt.nrc  of  iiyd.v.cjirnn...;  o:’ 
various  structures  and,  therefore,  the  ar.t '.knock  :  ty  s:  iss:- 

viduai  ydroearbon  fractions  may  differ  from  the  antiknock  stobiiitv 
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of  a  gasoline  as  a  whole.  Table  109 
shows  data  on  the  antiknock  properties 
of  25^  fractions  of  dlrect-dlstlllation 
[B-70]  and  thermal- cracking  [A-70] 
gasolines. 

The  head  fractions  of  gasolines 
exhibit  the  highest  octane  numbers, 
and  as  the  boiling  point  of  the  frac¬ 
tions  of  these  gasolines  rises,  the 
antiknock  stability  of  the  gasolines 
Is  reduced.  In  this  connection,  the 
lightening  of  the  fractional  compo¬ 
sition  of  dlrect-dlstlllation  and 
thermal- cracking  gasolines  will  result 
In  an  increase  In  the  octane  numbers 
of  these  gasolines  as  a  result  of  a  drop  In  the  end- of- boiling  tem¬ 
perature  . 

TABLE  108 

Production  Figures  for  Automotive  Gasolines  in 
the  USSR  (in  %)  [2,  21] 


1  Mapxa  (eaiiiHa 

,1955  r. 

1958  r. 

1958  r. 

1959  r. 

1060  r. 

1965  r. 

A-68 . 

47.5 

7,0 

68.8 

3.7 

)73,0 

7545 

4.7 

)  05.0 

58,6  4 

2  A-76*t  A>72  B  Bune 

3  Bousbuu  e  ORraHO* 

BoseelO 

BUM  'ineaou  vouea 
68 . 

45.5 

29.5 

27,0' 

20.1 

5,0 

♦  The  production  of  A-70  gasoline  was  suspended 
in  1962. 

1)  Gasoline  brand;  2)  A-70<»,  A-72,  and  higher; 
3)  gasolines  with  octane  numbers  below  66;  4) 
over  40. 
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Fig.  154.  Road  knock  rating 
of  "Moskvlch-407"  automo¬ 
bile.  1)  Impairment  of 
automobile  dynamics;  2)  Im¬ 
pairment  of  fuel  economy  of 
automobile;  3)  octane  num¬ 
bers;  4)  required  gasoline 
octane  numbers;  5)  initial 
cratik-angle  lag  setting. 
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For  example,  the  thermal-cracking  Moscow  Petroleum  Refinery 
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l)  Gasolines;  2)  boiling  limits  of  fractions, 
°C;  3)  quantity  of  fractions,^;  4)  density, 

g/cm^;  5)  octane  number;  6)  motor  method;  7) 
research  method;  8)  initial;  9)  start  of 
boiling. 


line  (which  boils  over  at  205"^)  has  an  octane  number  of  56.5;  this 
same  gasoline,  but  boiling  over  at  190°,  has  an  octane  number  of  59*4; 
if  it  boils  over  at  l60°,  the  octane  number  is  64.6. 

The  octane  numbers  of  the  fractions  in  the  catalytic  gasolines, 
as  a  rule,  differ  only  slightly  with  respect  to  one  another,  and  the 
reduction  of  the  end- of- boiling  temperature  has  virtually  little  in¬ 
fluence  on  the  antiknock  stability  of  these  gasolines.  But  some  cata¬ 
lytic-cracking  gasolines.  Just  like  direct-distlllabion  and  thermal- 
cracking  gasolines,  acquire  greater  antiknock  values  as  the  end-of- 
boiling  temperature  is  reduced. 

To  raise  the  antiknock  stability  of  commercial  automotive  gaso¬ 
lines,  high-octane  components  are  sometimes  added;  we  have  reference 
here  to  the  following  components:  Isopentane,  alkylate,  benzene,  tolu¬ 
ene,  isooctane,  etc.  They  generally  do  not  exceed  10-205^  of  the  gaso¬ 
lines,  since  the  addition  of  a  greater  quantity  of  some  hydrocarbon 


would  change  other  properties  of  the  gasoline  and,  in  particular, 
the  fractional  composition  of  the  gasoline. 

Gas-refining  products  are  frequently  used  in  the  production  of 
automotive  gasolines j  we  have  reference  here,  for  example,  to  polymer 
gasoline,  the  spent  butane  fraction,  and  the  pentane-amylene  fraction 
[293. 

The  polymer  gasoline  is  produced  through  the  polymerization  of 
the  propene- butene- pent ene  fraction.  This  gasoline  has  a  boiling 
range  from  40  to  200°  and  an  octane  number  of  around  85  without  the 
addition  of  TES  [TEL].  The  spent  butane  fraction,  after  the  alkyla¬ 
tion  process,  contains  primarily  n-butane.  In  the  pure  form,  this 
fraction  has  an  octane  number  of,  about  95.  The  butane  fraction  has  a 
sat  lira  ted- vapor  pressure  above  I6OO  mm  Hg,  and,  therefore,  the  possi¬ 
bilities  of  using  this  fraction  as  a  high-octane  component  are 
limited. 

The  pentane-amylene  fraction  is  left  over  after  the  distillation 
of  the  light  cracking-gas  fractions.  This  fraction  has  a  boiling  range 
from  25  to  110-130°  and  has  an  octane  number  of  about  70. 

As  certain  components  are  added  to  the  gasolines,  the  octane 
number  of  the  mixture  formed  as  a  result  may  differ  substantially 
from  the  arithmetic  mean  between  the  octane  numbers  of  the  gasoline 
and  the  component.  Each  component  has  its  unique  mixing  characteris¬ 
tic  or,  as  this  is  generally  called,  a  mixture  octane  number  (see 
Chapter  4). 

The  most  effective  and  economical  method  of  increasing  the  anti¬ 
knock  stability  of  automotiva  gaaollnea  is  the  addition  or  antiknock 
additives  to  these  gasolines  (see  Chapter  15) . 

CHMCAL  STABILITY  OP  AUTOMOTIVE  GASOLINES 

Prior  to  their  utilization  in  an  engine,  automotive  gasoline;* 
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Such  deposits  are  most  intensively  formed  as  the  gasoline  vapor¬ 
izes  in  the  Intake  manifold  of  the  engine.  The  tar  deposits  on  the 
walls  of  the  outlet  manifold  are  polymerized  through  the  action  of 
high  temperatures  and  converted  into  a  rough  solid  layer  that  is 
difficult  to  remove.  In  the  presence  of  such  a  layer,  the  effective 
cross  section  of  the  manifold  is  reduced  and  there  is  a  corresponding 
reduction  in  the  filling  of  the  engine’s  combustion  chamber  with 
combustible  mixture.  The  deposition  layer  exhibits  extremely  low  ther¬ 
mal  conductivity  as  a  result  of  which  the  quantity  of  heat  supplied 
to  the  combustible  mixture  is  reduced  and  the  fuel- vaporization  con¬ 
ditions  are  impaired.  All  of  this  results  in  a  reduction  in  engine 
power  and  economy. 

The  formation  of  heavy  deposits  on  the  stems  and  heads ‘of  the 
intake  valves  blocks  normal  valve  seating,  as  a  result  of  which  the 
so-called  "sticking”  of  valves -takes -place ,  In  this  case,  it  becomes 
Impossible  to  generate  any  pressure  in  the  combustion  chambers,  and 
the  engine  ceases  to  function. 

In  actual  automobile  operations  we  have  noted  cases  in  which 
so  much  tar  was  deposited  in  the  Intake  manifold  that  its  cross  sec¬ 
tion  was  reduced  by  TO-SOjS  [30].  Special  static  tests  of  new  auto¬ 
motive  engines  have  been  carried  out.  and  these  engines  were  equipped 
with  the  Intake  .manifolds  from  cars  that  had  been  driven  for  more 
thmi  100  thousand  kilometers.  These  tests  demonstrated  that  engine 
power  is  reduced  by  50^  as  a  result  of  heavy  tar  deposition  In  the 
intake  manifold,  that  there  is  a  substantial  impairment  of  the  uni¬ 
formity  of  mixture  distribution  through  the  cylinders,  and  that  the 
specific  gasoline  consumption  is  increased  (30], 

When  using  a  gasoline  with  an  increased  tar  content,  we  have 
noted  cases  in  which  the  engines  are  brought  to  a  stop  as  a  resui 


the  sticking  of  the  intake  valves,  and  we  have  reference  here  to 
cars  that  had  been  driven  for  less  than  l6  thousand  kilometers  [31]. 


The  investigations  of  gasolines  exhibiting  various  tar  contents 
have  shown  that  the  possible  distance  covered  by  an  automobile  prior 
to  the  occurrence  of  engine  irregularities  as  a  result  of  deposition 
depends  on  the  quantity  of  actual  tars  in  the  gasoline  (Table  110) . 

TABLE  111 

Elementary  Composition  of  Tars  in  Gasoline 
and  of  Deposits  in  Intake  Manifold  of 
Engine  [32] 
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1)  Elements;  2)  tars  in  gasoline*,  ^  by 
weight;  3)  engine  deposits,  ^  by  weight; 

4)  carbon;  5)  hydrogen;  6)  oxygen;  7)  sul¬ 
fur;  8)  nitrogen;  9}  carbon- to- hydrogen 
ratio. 

Commercial  gasolines  and  their  components  differ  in  their  ten¬ 
dency  to  foi'm  deposits  In  the  intake  system.  The  greatest  quantity  of 
deposits  is  produced  by  fchex’iaal-erackiRg  gasoline,  and  the  least  is 
produced  by  dis*ect-distillatlon  gasoline. 

In  connection  with  the  dissniptions  of  noi'mai  erigine  operation, 
asscKsiated  with  the  miKatlon  of  tar  deposits,  the  induotrlal  speci¬ 
fications  for  automotive  gasolines  restrict  the  content  of  actual 
tars  (7  §<g./lOO  mi  for  A-66  gasoilne  ar*d  5  mg/lOO  ssl  for  A-Tt  and 
gasolines).  These  requirements  apply  at  the  point  of  gasoline  p;x?- 
duction,  1,0.,  at  petroleum  refineries ,  .After  and 

of  the  gasolines,  the  actual  tar  content  isay  be  ihci'eased  at 


the  points  of  utilization  to  20  mg/lOQ  ml  for  A-66  gasoline  and  to 
10  mg/lOO  ml  for  A-72  and  A-f76  gasolines. 

Investigations  of  the  elementary  composition  of  tars  separated 
from  gasoline  and  of  deposits  removed  from  the  intake  manifold  of  an 
engine  (Table  111)  show  the  apparent  similarity  between  these  products 
^  The  process  of  hydrocarbon  oxidation  during  gasoline  storage  and 
transportation  is  spontaneous  and  initiated  by  the  oxygen  in  the  air. 
The  conversion  of  the  primary  oxidation  products  into  tars  has  not 
been  thoroughly  studied,  and  the  mechanism  of  the  reactions  that 
take  place  is  not  clear. 

The  presence  of  a  certain  Induction  period  (lag)  was  noted  in  a 
study  of  the  kinetics  of  tar  formation  in  gasolines.  Initially,  tar 
formation  proceeds  slowly,  then  the  speed  of  tar  formation  picks  up, 
and  finally  the  process  is, very  fast. 

Depending  on  production  techniques,  automotive  gasolines  contain 
hydrocarbons  that  differ  from  one  another  in  terms  of  structure  and 
capacity  to  enter  into  chemical  reactions,  including  those  reactions 
which  result  in  the  formation  of  tars. 

It  follows  from  a  multiplicity  of  works  on  the  oxidation  of  in¬ 
dividual  unsaturated  hydrocarbons  that  the  diolefii4ic  hydrocarbons 
with  co.n jugate  double  bonds  and  the  mono-  and  dioleflnic  hydrocarbons 
attached  to  the  benzexie  ring  are  the  least  ;■  table.  The  oloflnlc  hydro¬ 
carbons  with  a  double  bond  at  the  end  of  the  hydrocarbon  chain  lend 
themselves  less  easily  to  oxidation  than  the  olefins  with  the  double 
bond  in  the  middle  of  the  chain.  The  cyclic  olefins  are  more  easily 
oxidized  than  the  olefine  with  an  open  chain.  CXeflns  with  a  branched 
ske'eton  are  more  easily  oxidized  than  similar  hydrocarbons  with  s 
straight  chain.  As  the  molecular  weight  of  the  oieflas  Increases, 
they  become  morv  stable  to  oxidation.  Naphthenic  hydrocarbons  wJV' 
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double  bond  in  the  side  chain  oxidize  in  the  same  way  as  the  corres¬ 
ponding  olefins. 

•  The  nonhydrocarbon  impurities  in  gasolines  exert  a  pronounced 
effect  on  the  tar-formation  process. 

Sulfur  and  sulfur  compounds  accelerate  the  tar- format ion  process 
in  gasolines.  Elementary  analysis  will  always  show  a  larger  quantity 
of  sulfur  compounds  in  the  tars  separated  from  gasoline  than  there 
was  in  the  Initial  gasoline.  Each  of  the  sulfur  compounds  varies  in 
activity  in  the  tar- formation  process.  Evidently,  the  mercaptans 
exert  the  greatest  effect  on  the  formation  of  tars. 

Of  the  oxygen  compounds  contained  in  gasolines,  phenol- type 
compounds  are  the  most  significant  in  the  tar- formation  process.  These 
compounds,  sometimes  referred  to  as  "natural  inhibitors,"  retard  oxi¬ 
dation  and  the  formation  of  tars  in  gasolines. 

The  chemical  stability  of  commercial  automotive  gasolines  is 
both  a  function  of  the  composition  and -the  structure  of  the  hydro¬ 
carbon  part,  as  well  as  of  the  quantity  and  nature  of  the  nonhydro¬ 
carbon  admixtures. 

Thermal-cracking  gasolines  from  petroleum  crude  generally  con¬ 
tain  substantial  quantities  of  chemically  active  unsaturated  hydro¬ 
carbons  and  exhibit  low  chemical  stability.  The  duration  of  the 
induction  period  (lag)  for  the  o.xidatlon  of  theiml- cracking  gaso¬ 
lines  accoixilng  to  the  GOST  4039-^8  generally  does  not  exceed  200- 
230  minutes.  Individual  thermal- cracking  gasoline  specimens  rich  In 
"natural  inhibitors"  exhibit  a  lag  of  the  order  of  400-500  minutes. 
Themal- cracking  gasoline  from  Ekhabl  mazout  contains  approximately 
0.25^  phenols  and  exhibits  an  oxidation  induction  lag  of  6OO-8OO 
minutes  (33]. 

2. A.  Sablin  and  A. A.  Gureyev  Investigated  the  chemical  stability 
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of  thermal- cracking  gasolines  derived  under  approximately  identical 
process  regimes  from  Nebit-Dag-petroleum  mazouts  and  from  a  mixture 
of  Baku  petroleums  and  Tuymazy  petroleum  (Table  112) . 

The  cracking- gasoline  from  the  Nebit-Dag  petroleum  exhibited  the 
greatest  tendency  to  oxidation.  Within  30  minutes  of  accelerated  oxi¬ 
dation  the  tar  content  in  this  gasoline  exceeded  50  mg/lOO  ml,  whereas 
tar  formation  in  the  cracking-gasolines  from  the  Tuymazy  and  particu¬ 
larly  from  the  Baku  petroleums  proceeded  substantially  more  slowly 
under  the  Identical  conditions  (Pig.  155)' 


Q  6pSM» 

* 

Pig.  155.  Chemical 
stability  of  various 
cracking-distillates . 
1)  Prom  Baku  petro¬ 
leums;  2)  from  Tuv- 
mazy  petroleum;  3) 
from  Nebit-Dag  pe¬ 
troleum;  A)  absorp¬ 
tion  of  oxygen,  ml; 

B)  actual  tars,  mg/ 
/lOO  ml;  C)  time  of 
oxidation,  hours. 


It  is  of  interest  to  point  out  that  the 
total  content  of  unsaturated  hydrocarbons 
(on  the  basis  of  the  iodine  number)  in  the 
investigated  gasolines  is  virtually  identi¬ 
cal  (see  Table  112)  and,  consequently,  the 
great  tendency  of  the  gasoline  from  the 
Nebit-Dag  petroleum  to  oxidize  cannot  be  ex¬ 
plained  by  its  increased  degree  of  unsatura- 
tlon  in  comparison,  for  example,  with  the 
gasoline  from  the  Baku  petroleums,  but 
rather  by  the  various  contents  of  easily  oxi¬ 
dized  dlolefinic  hydrocarbons  and  natural  in¬ 
hibitors  in  these  products.  We  can  see  from 
the  data  in  Table  112  that  the  greatest 
quantity  of  dlolefinic  hydrocarbons  (see  the 
maleic  number)  Is  contained  in  the  gasoline 
from  the  Nebit-Dag  petroleum  and  that  there 
are  virtually  no  natural  antloxldar.ts*  of  the 
phenol  type  [4],  The  quantity  of  dlolefinic 
hydrocarbons  is  smaller  by  a  factor  of 


TABLE  112 

Chemical  Composition  and  Stability  of  Thermal- 
Cracking  Gasolines  from  Various  Petroleums 
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^^~The  maleic  number  characterizes  the  quantity 
of  diolefinic  hydrocarbons  with  conjugate  double 
bonds. 

**  Natural  inhibitors  determined  in  conventional 
units  [ 3^] . 

***  Quantities  calculated  according  to  kinetic 
oxygen- absorption  and  tar- formation  curves  during 
gasoline  oxidation  in  sealed  capsules. 

l)  Origin  of  gasoline  based  on  crude  employed  for 
cracking;  2)  chemical-composition  characteristics; 

3)  chemical-stability  indicators;  4)  unsaturated 
~  ■  hydrocarbons,  ^  by  weight;  5)  maleic  number*,  g 

iodine/lOO  g;  6)  natural- inhibitor  content,  jS  of 
trioxybenzene**;  7)  oxidation  lag  according  to 
GOSTl  minutes;  8)  oxidation  lag  (in  sealed  cap- 
,  sules),  minutes***;  9)  period  of  resistance  to 

tar  formation,  minutes***;  10)  from  Nebit-Dag 
petroleum;  11)  from  a  mixture  of  Baku  petroleums; 

12)  from  Tuymazy  petroleum;  13)  absent. 

in  the  Baku  gasoline  and  contains  a  substantial  quantity  of  phenol 
antioxidants . 

Catalytic-cracking  and  particularly  catalytic- reforming  gasolines 
exhibit  higher  chemical  stability  than  do  thermal- cracking  gasolines. 

The  duration  of  the  induction  period  for  the  oxidation  of  a  gaso¬ 
line  produced  by  single-stage  catalytic  cracking  of  gas-oil  fractions 


ranges  from  800  to  1200  minutes. 

If  a  rather  heavy  crude  Is  employed  for  the  cracking,  the  chemi¬ 
cal  stability  of  the  gasoline  is  reduced.  In  the  case  of  the  catalytic 
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cracking  of  mazout  under  severe  conditions,  a  low-stability  gasoline 
is  formed,  and  this  product  exhibits  an  induction  period’  of  less 
than  60  minutes.  A  gasoline  of  this  type  cannot  serve  as  a  component 
for  automotive  gasoline  and  it  is  enriched  by  purification. 

Catalytic- reforming  gasolines  contain  negligible  quantities  of 
unsaturated  hydrocarbons  and  exhibit  an  oxidation  lag  in  excess  of 
1000  minutes.  In  terms  of  stability  such  gasolines  are  virtually 
equivalent  to  direct-distillation  gasolines. 

Consequently,  the  chemical  stability  of  commercial  automotive 
gasolines  is  a  function  of  the  properties  and  quantity  of  components 
in  the  composition  [of  these  gasolines].  To  increase  the  chemical 
stability,  petroleum  refineries  add  special  antioxidant  additives 
(see  Chapter  17)  to  the  gasolines.  At  the  present  time  the  narrow 
fractions  of  wood  tar  (wood-tar  antioxidant)  are  used  to  stabilize 
automotive  gasolines,  as  are  phenols  from  the  tar  waters  of  coal 
semicoking  (antioxidant  FCh-l6),  and  the  synthetic  antioxidant  - 
n-oxydiphenylamlne , 

Under  the  actual  conditions  prevailing  in  the  storage  of  auto¬ 
motive  gasolines,  the  chemical  stability  of  the  latter  may  differ 
from  the  stability  determined  by  oxidation  In  the  bomb.  The  duration 
of  gasoline  storage  depends  In  great  measure  on  the  storage  condi¬ 
tions.  By  storage  conditions  we  mean  primarily  such  factors  as  the 
storage  temperature,  the  presence  of  nonferrous  metals  (in  contact 
with  the  gasoline),  the  presence  of  water,  the  fill  factor,  the 
number  of  times  the  gasoline  is  pumped,  etc. 

With  an  increase  In  the  gasoline- storage  temperature  by  10^,  the 
tar- format Ion  process  Is  accelerated  by  a  factor  of  approximately 
two.  The  permissible  gasoline  storage  times  under  the  conditions  pre¬ 
vailing  In  the  southern  climatic  zone  are  always  lower  than  in  th,* 


central  and  northern  zones. 

Nonferrous  metals  act  as  catalysts  In  the  oxidation  of  the  gaso¬ 
lines.  In  the  presence  of  such  metals,  the  oxidation  of  the  hydro¬ 
carbons  in  the  gasoline  and  tar  formation  are  substantially  accelerat 
ed.  For  example,  when  gasolines  are  stored  In  automobile  fuel  tanka 
(where  the  gasoline  comes  into  contact  with  a  brass  pickup  tube  and 
a  brass  filter  screen)  tar  formation  takes  place  much  more  rapidly 
than  in  drums  of  equal  capacity,  but  not  made  of  nonferrous  metal. 

The  type  of  Internal  fuel-tank  coating  has  a  substantial  effect  on 
the  rate  of  tar  formation  in  gasolines  (Table  113) . 


TABLE  113 

Effect  of  Inner  Tank  Coating  on  Tar  For¬ 
mation  in  A-72  Gasoline  During  Storage 
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1)  Type  of  inner  tank  coating;  2)  content 
of  actual  tars  (in  mg/lOO  ml)  during 
storage;  3)  initial;  4)  9  months;  5)  l4.5 
months;  6)  lead  lined  150  liter  tank;  7) 
bakelited  150  liter  tank;  8)  bakclited 
60  liter  tank. 


A  lead  coating  on  the  inside  surface  of  a  tank  causes  acceler¬ 
ated  tar  formation  during  gasoline  storage. 

Tar  water,  which  accelerates  tar  foi’matlon  (Table  114),  at  tiroes 
accumulates  in  gasoline  storage  tanks. 

The  free  access  of  the  oxygen  from  the  air  to  the  surface  of 
the  gasoline  enhances  accelerated  tar  formation  during  storage.  In 
this  connection,  a  fuel  contained  in  a  hermetically  sealed  tank 


TABLE  114 

Effect  of  Water  on  Tar- Formation  Process  in 
Gasoline 
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1)  Storage  conditions;  2)  content  of  actual 
tars  (in  mg/100  ml)  during  storage;  3)  initial; 
4)  1  month;  5)  3  months;  6)  6  months;  7)  gaso¬ 
line  without  water;  8)  gasoline  with  water 
cushion. 


TABLE  115 

Effect  of  Hermetic  Sealing  of  Car  Tank  on  Pro¬ 
cess  of  Tar-Pormation  in  Gasoline 
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1)  Storage  conditions;  2)  content  of  actual 
tars  (in  mg/100  ml)  during  storage;  3)  initial; 
4)  1  month;  5)  2  months;  o)  3  months;  7)  4.5 
months;  8)  fuel  tank  of  ZIS-150  automobile, 
with  standard  cap;  9)  fuel  tank  for  ZIS-150 
automobile,  with  hermetic-sealing  cap. 


oxidises  more  slowly  (Table  115) . 

When  gasoline  is  stored  in  an  Incompletely  filled  volume,  a 
greater  surface  of  the  fuel  comes  Into  contact  with  the  air  per  unit 
fuel  weight  and. thus  the  oxygen  has  freer  access  to  the  gasoline  and 
the  formation  of  tars  is  speeded  up  (Table  116). 

With  frequent  pumping,  the  gasoline  becomes  saturated  with  the 
oxygen,  from  the  air  and  rapidly  oxidizes,  thus  forming  tars. 

Consequently,  if  proper  conditions  are  provided  the  permissh 

-  545  - 


TABLE  116 

Effect  of  Pill  Factor  on  Intensity  of  Tar  Forma¬ 
tion  in  Gasoline 
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1)  Storage  conditions;  2)  content  of  actual  tars 
(in  mg/lOO  ml)  during  storage;  3)  initial;  4)  3 
months;  5)  6  months;  6)  10  months;  7)  in  100^ 
filled  tank;  8)  in  25^  filled  tank. 

storage  time  for  automotive  gasolines  can  be  substantially  Increased 
and  better  grades  of  fuel  are  made  available  for  use  in  engines. 
CORROSION  AGGRESSIVENESS  OF  AUTOMOTIVE  GASOLINE? 

The  hydrocarbons  contained  in  the  composition  of  a  fuel  exert 
no  corrosive  effect  on  the  metals  with  which  the  gasolines  come  into 
contact  during  storage,  transportation,  or  use  in  engines.  The 
corrosive  aggressiveness  of  gasolines  is  caused  by  the  nonhydrocarbon 
admixtures  present  and  primarily  by  the  sulfur  and  oxygen-bearing 
compounds  as  well  as  by  water-soluble  acids  and  alkalis. 

The  water-soluble  acids  and  alkalis  are  chance  gasoline  impuri¬ 
ties.  Of  this  group  of  corrosive  agents,  the  presence  of  the  alkali 
KaOH  is  most  frequently  detected.  Present-day  techniques  for  the 

ft 

production  of  automotive-gasoline  components  call  for  the  flushing  of 
these  components  with  an  8-12fS  alkali  solution.  After  alkalisation, 
the  gasolines  are  flushed  with  water;  if  inadequately  flushed,  traces 
of  alkali  may  remain  within  the  gasolines. 

The  presence  of  sulfuric-acid  traces  in  gasolines  is  virtually 
excluded,  since  sulfuric-acid  purification  of  gasoline  distillates  is 
not  employed  in  our  refineries. 

Vater-solutie  acids  and  alkalis  uiay  enter  the  gasoline  if  the 
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tanks,  the  fuel  lines,  etc.,  have 
not  been  sufficiently  cleaned.  This 
results  in  the  Intense  corrosion  of 
the  metals  and  the  presence  of  these 
acids  and  alkalis  in  automotive 
gasolines  is  therefore  intolerable. 

Oxygen- bearing  compounds,  un¬ 
like  the  water-soluble  acids  and 
alkalis,  are  always  present  in  some 
quantity  in  gasolines.  These  may  come  into  a  gasoline  from  the  petrols 
um  or  the  distillates  during  the  refining  process  in  the  form  of 
naphthenic  acids.  Moreover,  these  compounds  are  formed  during  the 
oxidation  of  the  more  unstable  hydrocarbons  of  the  gasoline  during 
storage  and  transportation.  Among  the  hydrocarbon- oxidation  products 
the  peroxide  compounds  and  acids  exhibit  the  moat  corrosive  proper¬ 
ties.  The  corrosion  of  metals  by  peroxide  compounds  has  not  been 


Pig.  156.  Effect  of  quantity 
of  sulfur  compounds  in  gaso¬ 
line  on  cylinder-housing  wear 
in  the  zone  of  maximum  wear. 
1)  Housing  wear,  2)  sulfur 
compounds, 


Pig.  157.  Effect  of  quantity 
of  sulfur  compounds  in  gaso¬ 
line  on  an  Increase  in  the 
seal  clearance  of  the  first 
compression  piston  ring.  1) 
Increase  in  clearance, 
s)  sulfur 


thoroughly  studied. 

Organic  acids  which  form  in  the 
oxidation  of  the  hydi'ocarbons  are 
more  powerful  agents  than  those  acids 
which  come  into  the  gasoline  during 
the  refining  processes.  They  do  not 
affect  aluminum,  have  little  effect 
on  steel  and  cast  iron,  but  they 
corrode  nonferrous  metals,  primarily 
lead  and  sine. 

The  removal  of  acidic  oxygen¬ 


bearing  compounds  from  the  gasolines  is  an  exti'emely  complex  under¬ 
taking;  thez:*efor«,  in  view  of  their  relatively  weak  corrosive  • 


a  certain  quantity  of  organic  acids  is  permitted  in  gasolines. 

Sulfur  compounds  in  gasolines,  from  the  standpoint  of  their 
corrosive  aggressiveness,  are  divided  into  active  (elementary  sulfur, 
hydrogen  sulfide,  and  the  mercaptans)  and  the  inactive  (sulfides,  di¬ 
sulfides,  polysulfides,  thiophanes,  thiophenes,  etc.)  (see  Chapter 
9). 

The  active  sulfur  compounds  are  extremely  powerful  corroding 
agents  and,  therefore,  their  presence  in  commercial  automotive  gaso¬ 
lines  is  Intolerable.  To  remove  the  active  sulfur  compounds,  petrole¬ 
um  refineries  employ  the  practice  of  flushing  the  gasoline  distillates 
with  an  alkali  solution.  This  means  that  the  elementary  sulfur  and 
the  hydrogen  sulfide  are  completely  removed  from  the  fuel,  and  the 
mercaptans  are  only  partially  removed. 

The  extent  to  which  these  active  sulfur  compounds  have  been  re¬ 
moved  is  checked  by  running  a  test  on  a  copper  plate.  The  contention 
here  is  that  if  the  gasoline  passes  the  copper-plate  test,  it  will 
nob  corrode  the  metals  that  come  into  contact  with  the  gasoline  under 
conditions  of  storage  and  utilisation. 

The  inactive  sulfur  compounds  that  are  present  in  automotive 
gasolines  cause  virtually  no  corrosion  of  the  metals  of  which  the 
tanks,  manifolds,  and  component  parts  of  the  fuel  system  of  an 
engine  are  made. 

The  division  of  the  sulfur  compounds  in  gasolines  Into  active 

and  inactive  categories  is  valid  otiiy  for  the  periods  of  storage  and 

* 

transportation.  During  the  px^ocess  of  the  combustion  of  the  fuel- 
air  mixture  ail  sulfur  co.mpouy^ds  fox’®  px'oducts  that  are  extremely 
corrosive;  sulfurous  anhydride  SO^  and  sulfuric  anhydride  SO^.  It 
has  been  established  experimentally  that  with  an  increase  in  the 
quantity  of  sulfur  co^fipounds  in  a  gasoline  thes’e  is  an  increase  In 
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the  wear  of  engine  component  parts  that  can  be  attributed  to  corro¬ 
sion  [9]* 

Figures  'I56  and  157  show  changes  in  the  extent  of  cylinder¬ 
housing  wear  In  the  zone  of  maximum  wear  and  the  Increase  of  the 
clearance  in  the  seal  of  the  first  compression  piston  ring  as  a 
function  of  the  sulfur  content  in  the  gasoline  [3],  The  resultant 
data  indicate  that  even  small  quantities  of  sulfur  compounds  produce 
a  pronounced  increase  in  the  corrosive  wear  of  the  component  parts. 

The  relationship  between  SOg  and  SO^  in  the  products  of  combus¬ 
tion  has  a  substantial  effect  on  the  corrosion  of  engine  component 
parts.  This  relationship  is  not  constant  and  depends  on  many  factors. 
If  in  the  presence  of  SOg  the  wear  of  the  rings  increases  by  a  fac¬ 
tor  of  4,  the  SO^  introduced  into  the  engine  in  a  quantity  equal  to 
1/3  of  the  SOp  will  Increase  ring  wear  by  a  factor  of  40  [24]. 

Corrosive  wear  of  engine  component 
parts  when  sulfur-containing  automotive 
gasolines  ar^e  used  brings  about  a  re¬ 
duction  in  the  power  and  economy  indi¬ 
cators  of  the  car.  Figure  153  shows 
the  change  in  power  and  economy  of  an 
automotive  engine  after  220  hours  of 
operation  on  a  gasoline  with  various 
sulfur  contents.  In  operations  on  a  low 
sulfur  gasoline  the  power  and  economy 
of  the  engine  Increase  slightly  after 
220  hours  (by  4-516).  The  power  of  the 
engines  operating  on  gasolines  contaln- 
ifig  0.156,  0.256,  and  0.3575^  of  sulf’ 3- 


Fig.  I5B.  Effect  of  quan¬ 
tity  of  sulfur  compounds 
in  gasoline  on  power  and 
ecosson^  of  engine  after 
220  hours  of  operation. 

1)  Power j  2)  specific 
consumption  according  to 
external  characteristics ; 

A)  power  and  economy, 

B)  sulfur  c<Mapounds,  5b. 


foil,  respectively,  356*  7»556  and  14.556  and  exhibited  a  pronouncew 


reduction  in  engine  econDipy  [8].  When  the  engines  were  dismantled  it 
wa3  noted  that  the  tightness  of  the  valve  fit  had  been  disrupted 
through  spot  corrosion  of  the  bevels  and  seats  of  the  valves.  An  in¬ 
crease  in  the  flowthrough  section  of  the  carburetor  jets,  attribu¬ 
table  to  corrosion,  ma  also  noted,  and  this  resulted  In  an  increase 
In  the  output  of  the  jets,  thus  disrupting  the  normal  regulation  of 
the  engine  fuel  systems. 

The  circumstances  noted  above  are  associated  with  the  utiliza¬ 
tion  of  sulfur  automotive  gasolines  and  make  it  necessary  to  maintain 
strict  controls  on  the  content  of  sulfur  compounds  in  gasolines. 
AUTOMOTIVS  nASJ'TINES  ABROAD 


The  physicochemical  and  operational  properties  of  automotive 
gasolines,  produced  in  any  country*,  are  functions  of  the  over-all 
level  of  development  in  the  petroleum- refining  industry  of  that 
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Compression  Ratio  in  American  and 
Europ«>an  Engines 


CSKatail 


1  Cipvat 

3  ntait  {U 

6^814,  . . .  .  .  j 

10.30  i  7,S0 

! 

A40  G.16 

T.15 

J.80  {  MU 

;  ■ 

...........  1 

i  7m 

1 

.  .  1 

SaC  I  fijOO 

S.SS. 

1)  Countries }  engine 
ratios;  3)  ;  4)  3)  aver¬ 

ager  6)  USAi  7|  Great  Britaiiu  8) 

9)  Italy;  10). West 


eouniry  and  the  condition  of  tsie  automotive  |>ool  in  operation. 

The  automotive  pool  of  the  USA  substantially  different  from 
the  avstOjiBOti ve  pool  of  Sisropean  countries. 

The  aver.^iigc  power  produced  by  Aiserican  eutc#»Oviye  ej'ig.ines  In 


1950  was  259  hp  and  the  displacement  exceeded  4.0  liters.  More  than  , 
8056  of  all  American  engines  are  4-cycle  water-cooled  V-8  engines. 

As  a  rule,  European  automotive  engines  are  less  highly  tuned 
ahd  therefore  last  longer.  Their  displacement  does  not  exceed  I.5 
liters.  Basically  European  cars  employ  water-  (sometimes  air-) 
cooled  in-line  4-oylind6r  4-3troke  engines. 

All  countries  are  constantly  increasing  the  compression  ratios 
of  the  automotive  engines  they  produce.  Table  117  shows  data  on 
compression  ratios  in  standard  1958  automotive  engines.  It  is  assumed 
that  by  1962  the  niaxlmum  compression  ratio  in  standard  automotive 
engines  produced  in  Western  Europe  will  be  9»3»  and  11.7  In  the  USA. 

Passenger  automobiles  in  the  USA  and  Europe  use  gasoline  enginesj 
only  3So  of  the  automobiles  in  West  Germany  operate  on  diesel  fuel, 
and  5^  of  the  automobiles  in  Italy  operate  with  gas-driven  engines. 

Among  the  European  automobiles,  those  exhibiting  the  greatest 
fuel  economy  are  in  the  greatest  demand  and  this  is  explained  by 
the  relatively  high  cost  of  gasoline  in  European  countries. 

Low-displacement  European  automobiles  provide  for  lower  fuel 
consumption  per  iOO  km  than  do  Aiii8ricai\  cars,  although  in  terms  of 
specific  consumption  per  kilometer-ton  they  are  aijnost  the  same 
(Table  ll3) . 

Individual  companies,  following  their  own  technical  specifica¬ 
tions,  produce  automotive  gasolines  in  the  capitalist  countries.  As 
a  rule,  national  standards  for  automotive  gasolines  do  not  exist. 

The  automotive  gasolines  produced  by  various  companies  in  the 
USA  exhibit  a  wide  range  of  octane  numbers.  All  gasolines  are  con¬ 
ventionally  divided  Into  two  basic  grades  pi’ernilum  and  regular-  This 
classification  of  gasoXlnos  is  becoming  more  comstion  in  Europe. 

The  average -octane  number  of  regular  USA  gasoline  in  i9C^ 
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Gasoline  Consumption  in  American 
and  European  Automobiles  f6] 
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TABLE  119 

Quality  of  Automotive  Gasolines  and  Needs  of 
Automotive  Pools  In  a  Number  of  Countries  (Ac¬ 
cording  to  Data  for  the  Year  195$)  (6] 
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about  85  units  by  the  motor  method  and  about  93  units  by  the  research 
method.  Premium  gasoline  had  an  octane  number  of  90  and  100  units, 
respectively. 

.  '  To  determine  the  relationship  between  the  requirements  of  auto- 
„ motive  engines  in  terms  of  gasoline  quality  and  the  actual  quality 
of  the  gasoline  both  the  USA  and  Europe  regularly  conduct  extensive 
tests  on  stock  models  of  automobiles  in  operation.  Table  119  shows 
the  actual  quality  of  commercial  gasolines  and  the  requirements  of 
the  automotive  pools  in  the  USA  and  Europe  with  respect  to  antiknock 
properties  of  fuels,  evaluated  in  terms  of  octane  numbers  determined 
against  primary  reference  fuels. 

The  automotive  gasolines  In  the  USA  differ  from  the  commercial 
gasolines  In  our  country  primarily  in  tein  v  antiknock  properties. 
The  high  antiknock  values  of  USA  gasoMnes  are  attained  bv  the 
utilisation  of  products  of  catalytic  processes  in  the  composition  of 
coinifierciai  fuels  and  the  mandatory  ^introduction  of  ethyl  fluid. 

The  utilization  of  ethylated  automotive  gasolines  abroad  is  per¬ 
mitted  in  all  cities.  The  permissible  TES  [TEL]  content  in  the  auto¬ 
motive  gasolines  of  the  USA  and  the  countries  of  Europe  (Table  120) 
is  substantially  higher  than  in  the  USSR. 

In  recent  years  certain  American  companies  have  started  the 
production  of  so-called  supergasolines  having  octane  numbers  above 
100  units  (by  tne  research  men hod ) , 

The  production  of  gasolines  with  high  antiknock  values  in  the 
USA  required  substantial  investigation  ir  order  to  determine  the 
economic  feasibility  of  raising  the  compression  ratios  of  automotive 
engines  in  connection  with  the  expenditures  involved  in  the  produc¬ 
tion  of  high-octane  gasolines. 

Formerly  an  increase  in  octane  numbers  for  automotive  gasoil. ic. 
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TABLE  120 


Permissible  and  Actual  Tetraethyllead  Content 
in  European  and  American  Automotive  Gasolines 
(g  TES/kg) 


1)  Country;  2)  premium  gasoline;  3)  regular  gas¬ 
oline;  4)  permissible  content;  5)  average  actual 
content;  6)  permissible  content;  7)  average  ac¬ 
tual  content;  8)  USA;  9)  Great  Britain;  10) 

Prince;  11)  Italy;  12)  West  Germany, 

in  the  USA  was  attained  by  using  industrial  processes  which  raised 

uhe  yield  of  gasoline  from  petroleum  (for  example,  cracking  processes), 

and  therefore  the  cost  of  gasoline  was  Increased  only  slightly. 

To  increase  the  octane  numbers  of  contemporary  automotive  gaso¬ 
lines  special  processes  are  needed  (isomerization,  sharp  rectifica¬ 
tion,  etc.),  whose  application  involves  an  increase  in  the  cost  of 
gasolines.  The  utilization  of  higher-octane  gasolines  in  automotive 
engines  must  yield  an  economic  effect  which  would  Justify  the  price 
rise  in  the  gasoline. 

The  calculations  and  investigations  that  have  been  carried  out 


showed  that  minimum  fuel  expenditures  are  attained  with  existing 
gasoline-production  techniques  with  a  fuel  octane  number  of  98 -S* 
This  is  an  average  for  all  petroleum  refineries  in  the  USA  and  will 


not  vary  from  refinery  to  refinery  by  more  than  1  unit.  With  the  in¬ 
crease  in  the  octane  number  from  9^  units  (the  1958  level)  to  98.5 
units,  approximately  0,5  liters  of  gasoline  or  more  than  3  cents 
were  economized  per  each  100  km  that  a  single  car  was  driven.  The 
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TABLE  121 


Average  Fractional  Composition  of  Premium  Auto¬ 
motive  Gasolines  in  Europe  and  the  USA  (for 
Analogous  Climate  Zones) 


1  nolusMen 

2cmA 

.  . 

AHrAHfl  1 

iPpaH- 
nn«  1 

‘■■5 

HTaBiu 

63«naA' 
uafl  rep* 
uaniui 

7  (DpanmioBituS  coctab  (cepero* 
iiseTCii  npu  TCMncparypeK  *C: 
0  M.  K . . 

S3 

1 

32 

i 

36 

34 

36 

ion . 

49 

54 

54 

54 

51 

son . ; . .  . . 

99 

99 

99 

93 

93 

Q  -son . 

163 

166 

157 

154 

151 

9  K.  K . 

202 

199 

188 

182 

193 

10  nacuntouuux  napoB, 

.mjm  pr.  ct.  . 

■ 

520 

465 

494 

465 

442 

l)  Indicators?  2)  USA;  3)  Great  Britain;  4) 
Prance;  5)  Italy;  6)  West  Germany;  7)  frac¬ 
tional  composition  (distilled  at  the  follow¬ 
ing  temperature),  °C;  8)  start  of  boiling;  9) 
end  of  boiling;  10)  saturated- vapor  pressure, 
mm  Hg. 


economy  resulting  from  the  increase  in  the  engine  compression  ratio 
and  the  Increase  of  the  octane  number  to  98.5  amounts  annually  to 
more  than  2  million  tons  of  gasoline,  or  approximately  a  quarter  of 
a  billion  dollars,  for  the  entire  automotive  pool  of  the  USA  [26], 
Economic  calculations  of  this  type  are  an  aid  in  the  selection 
of  compression  ratios  for  new  automotive-engine  designs  and  in  the 
determination  of  the  required  antiknock  values  of  the  automotive 
gasolines  being  produced.  However,  the  car-manufacturing  companies 
of  the  capitalist  countries  do  not  always  base  their  decisions  as 
to  the  production  of  particular  cars  on  calculations  of  the  economic 
feasibility  of  production  or  on  such  considerations  as  the  conserva¬ 
tion  of  the  national  fuel  reserve.  Pierce  competition,  the  race  for 
the  latest  "fashion,"  advertising  considerations,  and  other  factors 
frequently  force  car- manufacturing  companies  in  the  USA  to  produce 
engines  that  admittedly  develop  excessive  power,  operate  at  a 
"superhlgh"  compression  ratio,  etc.  Cars  with  such  engines  are  noi 
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marked  by  their  economy  of  operation  and  long  life. 

Now  let  us  say  several  words  about  other  physicochemical  proper¬ 
ties  of  foreign  gasolines.  The  automotive  gasolines  of  the  USA  and 
Europe  are  quite  similar  to  one  another  in  terms  of  fractional  com¬ 
position  (Table  121) , 

We  can  see  from  Table  121  that  the  American  and  European  gaso¬ 
lines  contain  a  large  quantity  of  light  fractions,  and  this  imparts 
good  starting  properties  to  these  gasolines. 

The  automotive  gasolines  of  the  USA  differ  in  terms  of  fraction¬ 
al  composition  on  the  basis  of  the  'climatlc  zones  and  time  of  year  in 
which  they  are  used.  According  to  one  of  the  most  commonly  used 
specifications  for  automotive  gasolines  Issued  by  the  American  Society 
for  Testing  Materials  (ASTM),  the  entire  territory  of  the  USA  is 
divided  into  three  climatic  belts.  Provision  is  made  for  the  produc¬ 
tion  of  a  gasoline  of  specific  fractional  composition  for  each  cli¬ 
matic  belt.  Moreover,  in  each  climatic  zone,  depending  on  the  time 
of  year,  gasolines  of  the  corresponding  fractional  composition  are 
produced. 

The  chemical  stability  of  American  automotive  gasolines  at  the 
present  time  is  not  standardized,  since  the  highly  effective  syn¬ 
thetic  antioxidant  additives  that  are  in  use  provide  for  high  chemi¬ 
cal  stability  on  the  part  of  the  commercial  gasolines. 

The  permissible  content  of  sulfur  compounds  in  American  gaso¬ 
lines  is  quite  high  —  up  to  0.25^.  The  utilization  of  anticorrosion 
additives  makes  it  possible  to  avoid  increased  engino  wear  when 
using  gasolines  that  contain  sulfur. 

To  improve  the  operational  characteristics  of  gasolines,  wide¬ 
spread  use  is  made  in  the  USA  of  antiscaling,  antiicing,,  and  certain 
similar  additives  (see  Chapter  l4) . 
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Certain  of  the  countries  that  do  not  have  adequate  petroleum  re¬ 
serves  produce  automotive  gasolines  from  coal,  gases,  etc.  A  series 
of  auxiliary  requirements  (on  the  basis  of  certain  Indicators)  Is 
generally  imposed  on  such  gasolines.  For  gasolines  produced  from  coal, 
for  example,  the  requirements  are  based  on  low-temperature  properties. 
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Chapter  18 
DIESEL  FUELS 

Different  types  of  fuels  are  used  In  accordance  with  the  speed  at 
which  the  engine  runs.  High-speed  diesels  use  kerosene-,  gas-oil-,  and 
solar  fractions  produced  by  direct  distillation  of  petroleum,  while 
slow  diesels  use  heavier  distillates,  as  well  as  the  residual  fractions 
of  direct  petroleum  distillation  or  thermal  cracking.  More  recently, 
kerosene-  and  gas -oil  fractions  obtained  by  catalytic  and  thermal  cra¬ 
cking  of  petroleum  products  have  come  into  use  as  diesel  fuels  for  high¬ 
speed  diesels. 

In  a  diesel  engine,  the  fuel  is  injected  directly  into  the  cylin¬ 
der,  where  it  self -ignites  without  any  outside  ignition  source,  under 
the  Influence  of  the  high  temperature  and  pressure  of  the  air  compressed 
in  the  cylinder.  The  fuel-air  mixture  of  a  diesel  engine  is  prepared 
directly  in  its  cylinder,  to  which  the  fuel  Is"  fed  in  liquid  form. 

For  normal  combustion  of  fuel  in  the  engine,  it  is  necessary, 
firstly,  that  it  have  time  for  complete  evaporation  in  the  cylinder  and, 
secondly,  that  the  proportions  of  fuel  and  air  be  as  uniform  as  possible 
over  the  entire  volume  of  the  cylinder.  These  two  conditions  are  deter¬ 
mined  by  both  the  perfection  of  the  injection  apparatus  and  the  design 
of  the  engine’s  combustion  chamber,  as  well  as  by  the  properties  of  the 
diesel  fuel  (fractional  composition,  viscosity,  density,  and  so  forth). 

The  high  temperatures  and  pressures  in  the  cylinder  of  the  diesel 
engine  that  ai'e  required  for  self -ignition  of  the  fuel  are  attained  by 
use  of  a  high  compression  ratio  (as  high  as  17—20). 
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The  Injection  apparatus  Insures  extremely  fine  atomisation  of  the 
fuel  In  the  engine 's  cylinder.  The  special  nozsles  used  for  this  pur¬ 
pose  have  holes  of  extremely  small  diameter  (O.15  -  0.2  imn)  and  inject 
the  fuel  at  very  high  pressures  (up  to  1500  kg/cm^).  This  pressure  is 
created  and  the  fuel  supply  to  the  nozzle  is  regulated  by  the  fuel  pump. 
The  slightest  occlusion  of  the  nozzle  openings  on  the  inside  by  mechan¬ 
ical  impurities  originating  from  the  fuel,  or  from  the  outside  by  scale 
formed  on  combustion  of  low-grade  fuels  is  sharply  detrimental  to  fuel 
atomization  or  cuts  off  the  fuel  supply  entirely. 

To  protect  the  nozzles  from  plugging  of  their  holes  by  mechanical 
impurities,  coarse  and  fine  filters  are  installed  in  the  fuel  system  of 
any  diesel  engine.  A  schematic  diagram  of  the  fuel  system  of  the  NATI 
KD-35  diesel  is  shown  in  Fig.  159. 

To  ensure  normal  performance  of  the  injection  apparatus,  it  Is 
necessary  that  the  fuel  arrive  continuously  at  the  pump,  i.e,,  that  it 
not  clog  the  fuel-system  pipe  lines;  this  is  a  function  of  the  proper¬ 
ties  of  the  fuel. 

At  the  present  time,  there  are  a  number  of  diesel -engine  modifica¬ 
tions  that  differ  from  one  another  in  combustion -chamber  design  and  in 
having  different  mixing  efficiencies.  The  basic  types  of  engines  are 
the  antechamber  types,  in  which  the  fuel  is  injected  not  into  the  main 
chamber,  but  into  an  antechamber  provided  specifically  for  this  purpose; 
single -chamber  engines,  with  direct  injection  of  the  fuel  into  the  cham¬ 
ber,  and  engines  with  swirl  chambers  in  which  special  vortical  air  flows 
are  set  up  with  direct  injection  of  the  fuel. 

Each  type  of  chamber  has  its  advantages  and  disadvantages.  The  best 
as  regards  mixing  efficiency  and  the  stress  placed  on  the  connecting- 
i*od  and  crank  mechanism  are  the  antechamber  diesels,  and  the  v;orst  from 
this  standpoint  are  the  single -chamber  types.  However,  the  single -c  hart. - 
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Fig.  159-  Schematic  diagram  of  fuel  supply 
to  NATI  KD-35  diesel.  1}  Fuel  tankj  2)  boos¬ 
ter  pump;  3)  fuel  pump;  4)  coarse  filter;  5) 
fine  filter;  6)  line;  7)  nozzle;  8)  excess- 
fuel  line. 

her  engines  are  superior  as  regards  economy  and  ease  of  starting  to  the 
swirl-chamber  types  and  especially  to  the  antechamber  types. 

During  recent  years,  multifuel  diesel  engines  capable  of  operating 
on  fuels  of  any  fractional  and  chemical  composition  ranging  from  the 
gasolines  to  the  residual  fuels  have  come  into  use. 

The  operating  conditions  of  high-speed  diesel  engines  are  not  con¬ 
stant.  As  a  rule,  low -speed  stationary  engines  operate  under  a  rl^oi’- 
ously  defined  set  of  conditions. 

Consistent  with  the  variable  operating  conditions  of  high-speed 
diesels,  their  conditions  of  evaporation,  mixing  and  combustion  of  the 
fuels  also  vary.  Consequently,  high-speed  diesels  have  very  high  de¬ 
mands  as  regards  the  quality  of  the  fuels  that  they  use. 

SPECIFICATIONS  SET  FORTH  FOR  DIESEL  PVELS 

On  the  basis  of  the  conditions  under  which  the  fuel  is  used  In  the 
diesel  engine,  as  well  as  the  conditions  of  shipping  and  storage,  the 
following  specifications  are  Imposed  for  a  diesel  fuel. 


1.  A  diesel  fuel  must  be  stable  In  storage,  l.e..  It  must  not 
undergo  any  changes  in  properties  during  prolonged  storage. 

2,  A  diesel  fuel  must  not  form  deposits  in  the  machine 's  tank  or 
on  the  coarse  and  fine  filters,  and  must  also  contain  no  abrasive  par¬ 
ticles  (mechanical  impurities). 

3*  The  supply  of  fuel  through  the  fuel  system  must  be  absolutely 
reliable;  hence,  a  diesel  fuel  must  possess  a  low  initial -crystalliza¬ 
tion  temperature  and  a  low  pour  point  and  a  definite  viscosity. 

4.  A  diesel  fuel  must  not  corrode  the  reservoir,  machine  tanks  and 
fuel  system  nor  cause  any  other  attrition  of  the  latter. 

5.  A  diesel  fuel  must  not  form  tar  or  varnish  deposits  on  the 
atomizer  needles  of  the  nozzles  and  gum  them  up. 

6.  In  the  injection  of  the  fuel  into  the  engine ‘s  cylinder,  its 
atomization  must  be  as  thorough  as  possible  and  the  range  of  the  spray 
rigidly  defined;  this  is  ensured  not  only  by  the  design  sophistication 
of  the  fuel  apparatus  and  a  certain  injection  pressure,  but  also  by  a 
certain  combination  of  fuel  viscosity  with  surface  tension  and  density. 

7.  A  diesel  fuel  must  have  a  short  self -Ignition  lag  or  a  high 
cetane  number. 

8.  A  diesel  fuel  must  not  form  scale  on  the  nozzles  or  in  the  com¬ 
bustion  chamber;  nor  may  it  cause  sticking  of  the  valves  or  burning  of 
the  piet<m  rings. 

9«  The  combustion  products  must  not  corrode  the  various  engine 
components  and,  and  if  they  enter  the  ci'ankcase,  must  not  react  with 
the  oil  to  form  products  that  are  detrimental  to  the  latter ‘s  quality. 

In  order  to  satiify  the  requlremtnta  listed  above,  a  diesel  fuel 
must  possess  a  certain  combination  of  physicochemical  properties.  Re¬ 
search  into  the  Influence  exerted  by  diesel -fuel  quality  on  the  opera¬ 
tion  of  higii -speed  diesels  has  established  optimum  values  for  the  phj  - 


slcochemical  properties  of  a  fuel  that  satisfy  the  above  requirements. 
It  should  be  noted  that  with  the  appearance  of  new,  more  highly  stres¬ 
sed  engines,  the  specific  values  of  the  physicochemical  properties  of 
the  fuel  xm^'-ergo  changes,  and  specific  quality  Indicators  are  dropped 
in  favor  of  new  ones. 

PROPERTIES  OP  FUEL  THAT  ENSURE  TROUBLE-FREE  PERFORMANCE  OP  PUEIi  SYSTEM 
Trouble-free  operation  of  a  diesel  engine's  fuel  apparatus  is  de¬ 
termined  by  the  purely  physical  quality  indices  of  the  fuel,  its  chemi¬ 
cal  composition,  and  by  the  presence  of  water  and  mechanical  impurities 
in  the  fuel. 


Pig.  160.  Relationships 
between  fuel  viscosity  and 
quantity  oi‘  fuel  seeping 
through  leaks  in  pump  [1}. 
l|  Seepage  losses,  g/hovir; 
2)  u,  cst. 


The  physical  indices  of  fuel  quality j 
which  determine  the  performance  of  the 
fuel  apparatus,  include  viscosity,  densi¬ 
ty  and  surface  tension. 

Viscosity  is  an  extremely  important 
operational  index  to  diesel-fuel  quality. 
At  a  giv«n  tempera tui‘e,  it  determines  the 
fluidity  and  ease  cf  transport  of  the  fuel 
to  the  nosale.  I?»iel  viscosity  influences 
the  delivery  cor fflo lent  of  the  pump  and 
fuel  leakage  throu^^n  the  gaps  in  the 


plunger  pairs,  as  well  as  the  smootJmess  with  which  multi -plunger 
pumps  operate.  The  lower  the  viscosity  of  the  fuel,  the  more  of  it  will 
seep  throu^  between  the  plunger  and  the  sleeve  (Pig,  160),  accord¬ 
ingly,  the  lower  will  be  the  dellvex^  coefficient.  Since  the  fuel  it¬ 
self  senses  as  the  lubricajit  for  the  piungers  of  the  fuel  pump,  plung¬ 
er-pair  wear  in  the  fuel  pump  also  depends  on  its  viscosity.  As  a  re¬ 
sult  of  wear,  the  clearances  in  the  piH^cislon-fittCv'  pairs  of  the  pumps 
and  nossles  become  larger,  and  this  causes  blow-by  of  the  fuel,  a  drop 


TABLE  122 

Influence  of  Fuel  Viscosity  on  Variation  of  Its 
Feed  Rate  in  Long-Term  Pump  Operation  [4]. 
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1)  Operating  time,  hours;  2)  fuel  with  =  6.14 
cst;  3)  ml/mln;  4)  fuel  with  =  2.37  cst;  5) 
fuel  with  t^2q  =  1.27  cst;  6)  feed  loss  over  375 
hours. 

in  delivery  rate,  lowered  Injection  pressure,  and  a  loss  in  the  power 
developed  by  the  engine.  The  lower-llmlt  viscosity  of  a  diesel  fuel  - 
that  which  guarantees  against  excessively  rapid  plunger-pair  wear  - 
depends  on  the  design  features  of  the  fuel  apparatus  and  the  conditions 
under  which  it  Is  operated.  Thus,  for  the  fuel  apparatus  used  with  the 
YaA2-204  engine,  a  drop  In  fuel  viscosity  from  6.0  to  2  cst  (at  20°) 
has  no  effect  on  plunger  wear,  as  will  be  seen  from  the  data  presented 
below  t3]« 
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a)  Fuel  viscosity  at  20°,  cst;  2)  average  plunger 
wear  after  550  hours  of  operation, 


At  the  aame  tias,  a  drop  in  fuel  viscosity  from  6.14  to  2.37  cst 

causes  more  rapid  wear  of  the  fuel  apparatus  of  the  D-6  engine.  This  is 
Illustrated  by  the  data  of  Table  122. 

In  view  of  the  fact  that  the  fuel's  viscosity  increases  with  in- 

-  565  - 


creasing  pressure  for  engines  having  fuel  systems  operating  at  very 
high  pressure,  the  minimum  fuel-viscosity  value  determined  at  20°  and 
atmospheric  pressure  will  be  lower.  Thus,  for  the  yaAZ-204  (atomizing 

O 

pressure  up  to  1500  kg/cm  ),  no  Increase  in  wear  of  plunger  pairs  is 
observed  oven  in  oases  vhere  the  fuel  viscosity  is  only  1.25  -  1.3  cst. 

In  combination  with  density  and  surface  tension,  viscosity  exerts 
an  essential  influence  on  the  e:  tent  to  which  the  fuel  Is  atomized  and 
the  range  of  the  spray.  The  fuel  is  atomized  better  at  low  viscosities, 
but  the  spray  range  diminishes.  With  increasing  viscosity,  the  depth 
of  penetration  of  the  jet  does  increase,  but  the  extent  of  atomization 
drops  sharply  and  drop  size  is  larger  (Fig.  I61).  As  a  result,  the  con¬ 
ditions  for  fuel  vaporization  deteriorate,  complete  combustion  is  not 
achieved,  the  specific  fuel  consumption  rises  and  we  observe  a  smoky 
exhaust.  The  optimum  viscosity  range,  which  guarantees  normal  atomiza¬ 
tion  of  the  fuel,  depends  on  the  design  of  the  fuel  apparatus  and  the 
combustion  chamber. 


Fig.  161.  Inriucnct  of  fuel 
viscosity  or;  fineness  of  at¬ 
omization.  k)  Average  di’op 
diameter,  a;  B)  viscosity, 

°VU. 


The  surface  tension  of  the  fuel 
exerts  considerable  influence  on  tho- 
i^oughttess  of  atomization  (Table  123). 
With  inci*casing  surface  tension,  the 
average  di'op  diameter  inc4*ea3QS. 

The  density  of  the  fuel  also  ex¬ 
erts  a  certain  influence' on  the 
of  the  spray.  Thus,  when  an  engine  was 
switched  from  a  fuel  having  a  density 
of  0.8^8  i-v  a  fuel  with  a  density  of 


0.873,  the  ra:Tige  of  the  spray  Increased  by  20^  12]. 


The  influence  of  the  chemical  eoasposition  of  the 


dependability  of  the  fuel  apparatus  is  dete trained  by  the  presence.  In 


Fuel-Drop  Diameter  as  a  Function  of  Surface 
Tension  (I.F.  Larchenko) 
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1)  Fuel;  2)  surface  tension,  ergs/cm  ;  3) 
average  drop  diameter,  p.;  4)  from  Surakhemy 
petroleum;  5)  broad -fraction  distillate;  6) 
distillate,  300  ■'  350*^  fraction;  7)  from 
Blbl-eybat  petroleum;  8)  broad -fraction 
distillate;  9)  same. 

the  fuel,  of  corrosively  active  compounds  and  compounds  capable  of  un¬ 
dergoing  changes  at  temperature  to  form  tarry  compounds,  as  well  as  the 
presence  of  other  compounds  that  are  aggressive  toward  the  individual 
units  of  the  fuel  apparatus. 

The  primary  corrosively  active  substances  are  acidic  oxygen-con¬ 
taining  compounds  that  get  into  the  fuel  during  production  (naphthenic 
acids)  or  form  in  it  during  storage  as  a  result  of  oxidation,  as  well 
as  certain  sulfur  compounds  (hydrogen  sulfide,  elementary  sulfur  and 
mercaptans)  present  in  fuels  produced  from  high-sulfur  petroleums.  The 
influence  of  the  above  compounds  on  corrosion  of  the  fuel  apparatus  is 
described  in  Chapter  12. 

When  diesel  engines  are  operated  primarily  on  high-sulfur  diesel 
fuels  and  diesel  fuels  containing  products  of  catalytic  and  particular¬ 
ly  thermal  cracking,  we  observe  oases  in  which  the  nos sle -atomiser  noo¬ 
dles  becCMne  gvunmed  up,  with  the  result  that  the  supply  of  fuel  by  the 
nossle  is  cut  off  completely  or  the  fuel  is  not  atomlxed,  but  fed  into 
the  cylinder  In  a  sti'eam.  Atomiaer-needle  sticking  results  from  thc 
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formation  of  tarry  or  varnish  deposits  on 
the  needles.  The  basic  factor  determining 
the  tendency  of  the  fuels  to  form  deposits 
on  nozzle -atomizer  needles  is  temperature. 
Figure  162  shows  the  influenc/e  of  temperature 
on  the  thickness  of  the  varnish  film  formed 
on  the  nonworking  surface  of  a  nozzle-atomi¬ 
zer  needle  in  operation  on  diesel  fuels  of 
various  origins.  The  experiments  were  con¬ 
ducted  on  a  special  nozzle  bench  that  simu¬ 
lated  the  fuel  system  of  a  diesel  engine.  As 
will  be  seen  from  the  curves  of  Fig.  162,  the 
thickness  of  the  varnish  film  Increases  in 
operation  on  all  fuels  with  rising  tempera¬ 
ture.  The  lowest  tempera tui'e  at  which  a  var¬ 
nish  film  forms  on  the  a'^orniser  needle  and 
Che  rate  at  which  it  forms  with  increasing 
temperature  depend  on  the  chemical  composi¬ 
tion  of  the  fuel.  It  has  been  shovw  by  re¬ 
search  tiiat  the  formation  of  tarry  or  varnish 
deposits  on  atomiser  needles  is  the  result  of  oxidative -polymerization 
processes  that  take  place  at  tempera tui^o.  The  raeroaptans,  oxygen  com¬ 
pounds  and  unsaturatod  liydrocarbons  present  in  a  diesel  fuel  are  most 
susceptible  to  oxidative  polymerization.  As  will  be  seen  from  the  data 
of  Table  1L4,  the  temperature  at  which  atomizer-needle  tarrii\g  begins 
rises  sliarply  as  a  result  of  removal  of  the  mercaptans  and  oxygen  com¬ 
pounds  ri'om  diesel  fuels. 

However,  not  all  mercaptans  and  oxygen  compounds  undergo  oxidation 
to  equal  degrees  with  foi’matlon  of  tarry  deposits.  The  most  strongly 


Pig.  162.  Influence  of 
temperature  on  tarring 
of  nozzle-atomizer  nee¬ 
dles  [8].  1)  D2  low- 
sulitir  diesel  fuel.;  2) 
diesel  fuel  containing 
1.16^  of  sull\ir  but  not 
containing  mercaptans; 
3)  catalytic  diesel 
fuel;  4)  diesel  fuel 
containing  of  ?ul- 

w .  Z.  •  •  •  ; 

-  J  . . .  .  .  .  -  -  ,  . 

of  mercaptan  sulfur;  5) 
diesel  fuel  produced  by 
hydrogenation  of  coal 
tar.  A}  Thickness  of 
varnish  film,  ui  B) 
temperatui'e,  °C. 


TABLE  124 

Influence  of  Mercaptans  and  Oxygen  Compounds  on 
Tarring  of  Nozzle -Atomizer  Needles  [8] 
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1)  Fuel;  2)  thickness  of  films  on  needles  (in  |i) 
at  temperatures  of  °C;  3)  temperature  of  onset  of 
tarring,  °C;  4)  diesel  fuel  containing  0.0129^  of 
mercaptan  sulfur j  5)  same,  after  removal  of  mer¬ 
captans  j  6)  none;  7)  diesel  fuel  containing  0.008^ 
of  mercaptan  sulfur;  8)  traces;  9)  same,  after  eli¬ 
mination  of  mercaptans;  10)  catalytic -cracking  die¬ 
sel  fuel;  11)  same,  after  removal  of  tars. 


Inclined  to  formation  of  deposits  are  the  aromatic  mercaptans  and 
highly  oxidized  oxygen  compounds  (Fig.  I63).  It  should  be  noted  that 
the  oxygen  compouhds  present  in  diesel  fuel  differ  only  slightly  In 
molecular  weight  from  the  hydrocarbons  composing  the  diesel  fuel  [9]. 
This  indicates  that  high-molecular  weight  compounds  are  not  formed  In 
diesel  fuels  during  storage. 

Figure  163  shows  the  quantities  of  deposit  formed  during  three 
months*  storage  of  catalytic  gas  oil  at  40®  with  addition  of  aromatic 
mercaptans  to  It  [10]. 

The  degree to  which  the  uneaturated  hydrocarbons  influence  the  ten 
dcncy  of  the  fuel  to  form  deposits  on  the  nozzle -atomizer  needles  Is 
Indicated  by  the  data  of  Table  125. 

In  operation  on  direct -distillation  diesel  fuel,  we  observe  small 


TABLE  125 

Influence  of  Unsaturated  Hydrocarbons  on  Nozzle - 
Atomizer  Needle  Tarring 
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1)  Temperature,  ®Cj  2)  thermal -cracking  diesel 
fuel.  Unsaturated  content  35^i  3)  effort  required 
to  pull  needles  from  atomizer  housing,  kg;  4) 
thickness  of  varnish  film  on  needle,  ij,;  5)  direct- 
distilled  diesel  fuel;  6)  free;  7)  none;  traces. 

•> 

amounts  of  deposit  on  the  atomizer  needles  only  at  185°,  while  the  nee¬ 
dles  themselves  are  touched  only  at  spots.  The  the nnal -cracking  compon¬ 
ent  included  in  the  composition  of  the  diesel  fuel  forms  a  varnish  film 
0.75  inm  thick  at  a  temperature  as  low  as  155°,  and  the  effort  necessary 
to  extract  the  needles  from  the  atomiser  housings  rises  to  12  kg.  With 
rising  temperature,  the  quantity  of  deposits  on  the  needles  increases, 
and  an  effort  in  excess  of  15  kg  is  required  to  exti'act  them. 

Together  with  sticking  of  the  nozzle -atomiser  needles  during  oper¬ 
ation  of  diesel  engines,  we  sometimes  observe  bi’eakdown  of  the  felt  in¬ 
serts  in  the  fine  filters.  As  has  been  shown  by  research  carried  out  by 
G.P.  Otlcupshchikov,  this  may  be  accounted  for  as  follows.  Diesel  itiels 
obtained  fi'om  naphthene-base  oils  are  subject  to  saponification  in  some 
cases  as  a  i-esult  of  their  high  content  of  naphthenic  acids.  The  naph¬ 
thenic  soaps  fomed  as  a  result  are  eliminated  by  subsequent  water 


washing-  Kov;e/er,  they  &vq  not  always  completely  i^emoved,  particularly 
when  the  washing  proceduix?  is  inadequate.  During  the  summer  period  of 
operations,  i>articularly  in  the  southern  I’cglons  of  the  country,  the 


temperature  of  the  fuel  passing  through  the 
fine -cleaning  filter  reaches  50  -  70°.  If  the 
fuel  contains  naphthenic  soaps,  they  are  read¬ 
ily  hydrolyzed  in  the  presence  of  water  at 
such  temperatures  to  form  alkalis.  The  latter 
are  extremely  aggressive  toward  the  felt,  so 
that  the  felt  Inserts  break  up  rapidly.  In 
cases  where  this  has  happened,  the  filter 
glasses  always  have  water  with  an  alkaline 
reaction  at  the  bottom. 

Contamination  of  diesel  fuel  by  water  is 
further  intolerable  because,  firstly,  it 
causes  corrosion  of  the  fuel  tanks  and  fuel 
apparatus,  particularly  when  high -sulfur  die¬ 
sel  fuels  are  employed,  and,  secondly,  because 
when  the  temperature  drops  below  0°  with  water 
present  in  the  fuel,  ice  crystals  formj  these  are  capable  of  clogging 
the  engine’s  fuel  system. 

PROPERTIES  OF  FUEL  THAT  GUARANTEE  NORMAL  COMBUSTION 

The  normal  combustion  of  the  fuel  and  the  completeness  with  which 
it  is  burned  in  a  diesel  are  determined  basically  by  the  chemical  and 
fractlotial  compositions  of  the  diesel  fuel. 

Since  the  fuel  bums  In  the  vapor  phase,  it  Is  necessary  that,  on 
its  talry  Into  the  combustion  chamber  In  a  finely  atomised  liquid  state. 
It  have  time  to  undergo  complete  vaporisation  during  a  very  short  period 
reckoned  in  thousands  of  s  sooond*  Ospendlng  on  the  speed  of  the  engine, 
■l.c^  time  available  for  evaporation  of  the  fuel  varies  over  a  I'olatlvoly 
wide  range.  Consequently,  the  specifications  for  vapcrisablliiy  or  dl. - 
sel  fuels  ~  a  property  characterized  by  their  fractional  composiiior.  ■ 


Fig.  163.  Influence 
of  aromatic  mercaptans 
on  sediment  fonnatlon 
in  catalytic  gas  oil 
[10].  1)  Thiophenol; 

2)  thiocresols.  A) 
Deposits,  in  g/m;  B) 
content  of  mercaptan 
sulfur, 
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are  different  for  engines  running  at  different  speeds. 

Low-speed  large  stationai:*y  diesels  have  low  requirements  as  to  the 
fractional  composition  of  their  fuels  and  perform  quite  normally  on  ouch 
heavy  fuels  as  mazout. 

On  th<s  other  hand,  fractional  composition  Is  an  essential  factor 

for  the  high-speed  diesels  used  in  transportation;  its  Importance  is 
determined  by  the  design  of  the  engine 's  combustion  chamber. 

Figure  164  shows  the  influence  of  fuel  fractional  composition  on 
the  specific  fuel  consumption  and  the  rate  at  which  the  pressure  rises 
in  engines  that  differ  in  combustion -chamber  design.  The  data  presented 
indicate  that  in  the  boiling -temperature  range  of  fuels  selected  (rang¬ 
ing  from  kerosene  to  solar  oil),  the  fractional  composition  of  the  fuel 
has  virtually  no  influence  on  specific  consumption  for  engines  that 
have  antechambers  and  hot  swirl  chambers.  Engines  with  swirl  chambers 
that  are  not  heated  are  more  sensitive  to  fuel  fractional  composition. 

As  the  vapor* lability  of  the  fuel  (300®)  ixicreases  from  30^  (solar  oil) 
to  70^  (8o^  kerosene  and  20^  solar  oil),  the  specific  consumption  de¬ 
clines  by  4.5.^.  Most  sensitive  to  fuel  fractional  composition  is  the 
single -chamber  engine.  The  u’*'©  of  a  fuel  90^  of  which  bolls  up  below 
300®  in  such  sn  engine  instead  of  a  fuel  only  30^  of  v<}hich  bolls  up 
below  300®  makes  it  possible  to  lower  the  specific  fuel  consumption  by 
16^. 

It  is  nec€ssai\v  to  note  that  these  iNslationships  apply  for  fuels 
boiling  below  300®.  When  a  fuel  that  is  higher-boiling  than  solar  oil 
is  used  in  high-speed  engines  —  even  In  the  antechamber  types,  which 
are  least  demanding  as  regai*ds  fractional  composition  -  the  perfowtance 

SuG;j  fuels  do  not  Jiave  time  for  complete  vaporisation  and  prompt 
formation  of  a  mixture  of  the  xiecessary  quality  with  the  air,  so  that 
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Fig.  l64.  Influence  of  fractional  composition  of 
fuel  on  specific  fuel  consumption  and  rate  of  pres¬ 
sure  rise  In  cylinder*  a)  l)  Engine  with  swirl 
chamber;  2)  engine  with  antechamber;  b)  l)  Engine 
with  single  chamber;  2)  engine  with  hot  swirl  cham¬ 
ber.  a)  Specific  fuel  consumption  JS;  B)  rate  of 

O  ® 

pressure  increase  Ap/A'J',  kg/cm""  -  degree;  C)  per¬ 
centage  boiled  out  below  300®. 


their  combustion  is  drawn  out  and  completed  only  during  the  expansion 
stroke.  That  part  of  the  fuel  which  did  not  evaporate  In  time  undergoes 
thermal  decomposition  as  a  result  of  the  high  temperatures,  with  forma 
tlun  of  carbonaceous  substances  that  are  hard  to  bum.  As  a  result,  the 
temperature  of  the  exhaust  gases  rises,  the  heat  losses  Increase,  sca¬ 
ling  is  aggravated,  the  exhaust  becomes  smoky,  and  the  economy  of  the 
engine  diminishes. 

Another  contributory  factor  in  the  poor  combustion  of  excessively 
heavy  fuels  is  their  Increased  viscosity  atid  the  resulting  larger  sise 
of  the  atomised  fuel  drops* 

Accornilng  to  the  curves  of  Fig.  164,  tive  rate  of  the  pressure 
build-up  In  the  engine  increases,  particularly  In  a  single -chamber  en- 
:iao,  when  the  fractional  composition  of  the  diesel  fuel  is  lightcne,;. 

is  explained  as  follows:  as  a  result  of  the  fuel’s  self-lgn!vl. 
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lag,  the  lower-boiling  fuel  has  time  to  vaporize  before  self -ignition 
begins  and  does  so  to  a  considerably  greater  degree  than  does  a  higher¬ 
boiling  fuel  Consequently,  by  the  time  the  flame  appears,  almost  all 
of  the  light -fraction  fuel  injected  into  the  engine  is  participating 
in  combustion.  As  a  result,  the  rate  of  pressure  build-up  is  higher 
and  when  a  certain  limit  is  reached,  combustion  of  the  fuel  in  the  en¬ 
gine  will  be  accompanied  by  knocking. 

For  fuels  that  possess  large  self-ignition  lags,  i.c.,  those  having 
lov:  cc:;ar.£  r.un'.ters,  “his  limit  is  reached  earlier  as  the  fractional 
composition  is  lightened.  But  when  a  high-cetane  fuel  is  used,  even  in 
antechamber  engines,  knockirig  is  inevitable  when  the  fractional  compo¬ 
sition  of  the  fuel  is  lightened  excessively,  i.e.,  the  engine  begins 


to  run  "hard. " 

For  diesel  fuels  obtained  from  a  given  raw  material,  the  self- 
ignition  lag  becomes  longer  as  the  fuels  become  lighter  (the  cetane 
number  drops),  i.e.,  as  the  fractional* composition  of  the  fuel  is  ligh¬ 
tened,  one  factor  -  excessively  rapid  vaporisation  -  is  compounded  by 
another  factor  —  the  increased  self -ignition.  Consequently,  excessive 
light ’ning  of  diesel-fuel  fractional  composition  is  just  as  undesirable 


as  it  i xcessively  heavy. 

As  concerns  the  optimum  fractional  composition  for  diesel  fuels 
intended  for  high-speed  diesels,  it  is  obvious  tiut  this  will  depend 
on  the  design  of  the  engine 's  combustibn  chamber.  For  antechamber  en- 
giTiOS  and  engines  with  heated  swirl  cliambers,  a  fuel  of  wide  fractional 
composltioi^  boiling  in  the  range  fiws  l60  —  iSO®  to  36O  —  400^  may  be 
used;  the  pi'oportlons  of  the  individua?v  fractions  in  such  a  fuel  liave 
no  grc^at  Importance.  Oss  of  a  diesel  fuel  having  nari*ow  boiling  ranges 
is  t'equircd  for  s ingle -cha2r.bcr  engines.  As  indicated  by  tests,  such 
fuels  must  soil  out  in  the  ra.nge  from  200  —  300*^  [3]. 


However,  completeness  of  vaporization  is  not  alone  sufficient  to 
ensure  a  normal  corabustJon  process.  We  may  select  a  fuel  with  the  op¬ 
timum  fractional  composition,  but  if  its  cetane  number  is  very  low, 
l.e.,  if  its  self -Ignition  lag  is  too  long,  the  engine  will  operate 
"hard. " 

The  cetane  number  of  a  diesel  fuel  depends  on  its  chemical  compos 
ition  or,  more  precisely,  on  the  structure  of  the  hydrocarbons  compos¬ 
ing  it.  Straight -chain  paraffinic  hydrocarbons  have  the  highest  cetane 
numbers.  As  the  straight  chain  becomes  more  and  more  branched,  the 
cetane  number  of  the  paraffinic  hydrocarbons  tends  to  diminish;  here, 
the  closer  the  side  chain  is  to  the  end  of  the  molecule,  the  greater 
will  be  the  drop  in  cetane  number.  The  cetane  numbers  of  unsaturated 
’Hydrocarbons  with  open  chains  are  somewhat  lower  than  those  of  the  cor 
responding  paraffins. 

The  naphthenic  hydrocarbons  are  markedly  Inferior  to  paraffinic 
hydrocarbons  as  I’egai'ds  cetane  number,  with  this  number  dropping  off 
noticeably  as  the  number  of  rings  in  the  molecule  of  the  naphthenic 
hydrocarbon  Increases,  The  poorest  hydrocarbons  as  regards  cetane  num¬ 
ber  aro  the  ai*oinatics,  and  particularly  hydrocarbons  with  condensed 
rings. 

* 

As  a  rule.  If  the  molecular  weights  of  the  hydrocarbons  are  in¬ 
creased  by  lengtliening  the  molecular  chains  of  the  paraffinic  hydro- 
cai*bons  or  the  side  chains  of  naphthenic  and  aromatic  hydrocarbons,  th 
cetane  number  rises.  Consequently,  the  cetane  numbers  of  diesel  fuels 
genei*ally  rise  (Fig.  165)  as  their  fractional  composition  becomes 
heavier. 

Although  cetane  number  does  characterise  the  self -ignition  lag  of 
ihe  iXicl,  there  is  rigorous  linear  relationship  between  these  param¬ 
eters,  as  shown  by  the  curves  of  Pig.  I66,  and  an  Is^crease  In  the 
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Fig.  165.  Influence  of  diesel - 
fuel  fractional  composition  on 
cetane  number,  l)  Distillate  of 
paraffin -base  fuel;  2)  refined 
paraffin -base  fuel;  3)  distil¬ 
late  of  naphthenic -aromatic- 
base  fuel;  4)  refined  naphthe¬ 
nic  -aromatic  -base  fuel.  A)  Ce¬ 
tane  number;  B)  boiling  point, 
OC. 


fuel's  cetane  number  above  4t>  —  50  units  reduces  and,  consequently, 
improves  the  self -ignition  lag  of  the  fuel  only  slightly. 

Apart  from  the  self -Ignition  lag,  the  cetane  number  gives  us  a 
basis  for  infci'enees  concei*ning  other  operational  properties  of  a  die¬ 
sel  fuel  related  to  the  coinplctoness  of  i'uel  combustion  -  namely,  the 

starting  pix)pertics  of  the  fuel,  its  tendency  to  fom  deposits  in  the 
* 

engine,  and  the  jiatui*©  of  the  exluiust  gases.  This  is  clearly  illustra¬ 
ted  by  the  curves  of  Fig,  l67»  The  starting  pi'operties  of  a  diesel  fuel 
may  also  be  observed  as  a  function  of  cetane  number  by  s^efei'ence  to  the 
time  s’equii’Od  to  start  the  engine:  on  a  fuel  with  a  cetane  number  of 
53,  the  engine. starts  after  3  sec  of  crankis^g,  while  a  38-cetane  fuel 
starts  the  engine  only  after  45  -  50  sec  of  starter  opei^ation. 

Jiot  only  the  chemical  and  fi’actional  composition  of  the  fuel,  but 
also  the  pi\)perlle.>  considered  above  -  viscosity,  surface  tension  -  and 
the  perfection  of  the  i'uel -apparatus  design  influence  the  cosapletoness 
of  fuel  combustion  in  high-speed  diesel  engines. 


The  cetane  ratin*;;  of  dicoel 


Fig.  166.  Relationship  between 
cetane  number  and  self-lgnltion 
lag  of  diesel  fuels.  1)  Diesel 
fuel  No.  1;  2)  diesel  fuel  No. 

2.  A)  Self-Ignition  lag.  degrees 
of  crankshaft  revolution;  B)  ce¬ 
tane  number. 


fuels  may  be  Improved  either  by 
removing  the  low-cetane  aromatic 
hydrocarbons  from  them  by  one  me¬ 
thod  or  another,  or  by  adding 
special  additives  that  raise  the 
cetane  number  (see  Cliapter  14). 
GRADES  OP  DIF.SEL  FUEL 

At  the  present  time,  the  pet¬ 
roleum  Industry  Is  producing  spe¬ 


cial  grades  of  diesel  fuel  for 
high-speed  engines  running  at  over  1000  rpm, 
for  medium-speed  engines  (500  -  1000  rpm) 
and  for  slow  engines  (speeds  below  500  rpm). 
The  diesel  fuel  for  the  high-speed  engines 
is  processed  in  accordance  with  GOST  4749-49 
and  GOST  305-J>B  (Table  126). 

The  diesel  fuel  produced  after  GOST 
4749-49  has  a  low  sulfur  content  and  con- 


Fig.  16T.  Influence  of  sists  of  the  gas-oil  or  kei'oser.c-solar  pet- 
cetasie  number  on  opera¬ 
tional  properties  of  tnileum  fractions.  The  DA  arctic  diesel  fuel 

diesel  fuels.  1)  Start¬ 
ing  pi*operlles;  .^)  odor;  is  intended  for  high-speed  engines  operat- 
3)  deposits:  4)  smoke. 

a)  Relative  deterlora-  Ing  at  ambient  temperatures  below  -30®.  D2 
tlois  of  ^ael  quality, 

B)  cetane  number.  winter  diesel  fuel  is  used  with  air  temper- 

aturos  ranging  from  zero  to  -30®,  and  the  DL  summer  fuel  at  fuel  tea- 


pe&'aturoo  above  zero.  The  •peoiml  DS  dleael  fuel  is  designed  for  en- 


jlaes  tJmt  have  elevated  cetane  I’equlremcnts. 

T5ie  diesel  fuel  of  GOST  305-5B  Is  refined  from  high-sulfur  peti'o- 


Icums.  For  this  reason,  sulfur  contents  up  to  l.<^  are  tolerated  in 
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fractional  composition  are  employed  to  produce  diesel  fuels  with  the 
required  low-temperature  properties  from  these  petroleums.  Grade  Z 
diesel  fuel  is  produced  from  the  kerosene -gas  oil  fractions  of  the 
petroleum,  while  the  solar  fractions  are  also  used  to  obtain  grade  L 
diesel  fuel  and  particularly  grade  S.  Components  from  catalytic  and, 
at  certain  plants,  thermal  cracking  are  Included  in  grades  Z  and  L 
diesel  fuel.  To  limit  the  contents  of  these  components  in  diesel  fuel, 
two  new  indices  have  been  introduced  Into  the  technical  specifications: 
iodine  number  and  actual -tars  content. 

To  exclude  the  detrimental  effects  of  the  combustion  products  of 
sulfur  compounds  on  engine  performance  when  diesel  fuels  produced  after 
GOST  305-58  are  employed,  it  is  necessary  simultaneously  to  employ  an 
oil  with  the  TsIATIM-339  additive  or  some  more  effective  additive. 

Fuel  L  is  employed  when  the  ambient  temperature  is  above  zero,  and 
fuel  Z  at  temperatures  from  zero  to  -15^.  At  lower  air  temperatures, 
fuel  Z  is  mixed  with  tractor  kerosene  in  the  following  proportions t 


TcunepaTypa  OKpy-1 

2  CocraB  euecB  aoubmofo 

»<aioi4oro  DoaAyxA, 

TouanBa  3  n  rpaxTopuoro 

•c 

xopocnna 

3  Or  -15  AO  -25 

i;75%  3+25%  xopocnu* 

»  -25  »  -35 

50%  3+50%  » 

5  lliuKe  —35 ' 

25%  3+75%  * 

1)  Air  temperature,  °C;  2)  composi¬ 
tion  of  mixture  of  diesel  fuel  Z 
and  tractor  kerosene j  3)  from  -15 
to  -25;  4)  755^  Z  +  255^  kerosene; 

5)  below  -35* 

The  DT-1  fuel  may  be.  used  as  a  starting  fuel  for  engines  operating 
on  fuels  DT-a  and  DT-3.  Fuel  DT-a  Is  Intended  for  engines  with  speeds 
below  300  rpm,  and  fuel  DT-3  foi*  engines  with  speeds  below  200  rpm  and 
hox'sepowers  above  100. 

The  so-called  solar  oil  produced  after  GOST  1666-51  (Table  l:‘.  } 
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is  used, as  a  fuel  for  compression-ignition  engines  operating  at  500  - 
1000  rpm.  . 


Solar  oil  is  produced  by  direct  distillation  of  petroleum  and  re¬ 
presents  the  fraction  with  initial  boiling  at  24C  “  260*^,  55  ”  60^  of 
which  boils  below  350®,  Diesel  fuels  produced  according  to  DOST  305-58 
and  4749-^9  niay  serve  as  fully  adequate  substitutes  for  solar  oil. 


TABLE  127 

Diesel  Fuel  for  Engines  Running  at  Medium  and  Low 
Speeds 


1 

noKasatiuiii 


y  Ua.tKOCTfc  Kiitiot.'iTHiccKan  opu  50*  a  ccjm  uc 

Q  Oo.iee  . 

^  .lo  250®  ncpcroiincTcii  b  %  no  6(mco  .... 

9  IIOKC}  OCTb,  % . 

TQ  lo.iv.  r.  ‘S . • . 

TT  ' -tlOi.  ocpu,  %  .  .  .  .  . . 

1 2  '  'Ufi  iKauitc  ccpono.iopoaa,  % 

T  c  lifi.iopacTnojmMue  Knc.ioTu  ii  uiono<iii  .  .  i  . 
'li'xauusccKuo  nptiuccn  o  no  6ojice  .  .  . 

I?  ^n.tepjKanito  boau  n  no  Co4oe . 

19  rcMiiopaTypa  ncuuiuKit  o  ®C  no  imwe: 

20  a  OTKpUTOM  TMMO . 

21  B  aaKpMTOM  »  . ’I 

22  rc^iicpaTypa  aacTMuauun  b  ^  no  ourao  .  . 


^Coanpo- 
Doo  Mac- 

.Mornpiioc  Tonanso 
^  (rOCT  1667-51) 

no  (rOCT 

S'S'-' 

AT-i 

AT-a 

j 

5.0-9, 0 

36,0 

55,3 

66,6 

—  . 

15 

15 

IS 

— 

3.0 

3,5 

0.025 

0.04 

1XO8 

0.08 

1^ 

0,5 

rcyxoTi 
To  m 

0,S 

yet 

8 

0,5 

L30TCyT-^ 

CTOyiOT 

0.1 

0.1 

0.1 

l^gCacHU 

1.0 

1.0 

125 

... 

- 

65 

65 

65 

-20 

-5 

—5 

+5 

1)  Index;  2)  solar  oil  (GOST  1666-51);  3)  motor 
fuel  (GOST  1667-51);  4)  DT-1;  5)  6)  DT-3; 

7)  klnematlQ  viscosity  at  50°  in  csl  not  above; 

8j  perccnta?;G  distilled  below  250®,  'ot  above; 

9)  cokabllity,  fy,  10)  ash  content,  11 )  sulfur 
content.  12)  hydrogen  sulfide  content,  fy,  13) 
none;  1^)  same;  15)  water-soluble  acids  and  alka¬ 
lis;  l6)  mechanical  impurities  in  f,  not  a>*:>ve; 

17)  water  content  in  f  not  al  c-;  lo)  tra:;cs; 

19)  flash  point  in  ®C  not  below;  20)  in  o;>en  cru¬ 
cible;  21)  in  closed  crucible;  22)  pour  point  in 
®C  not  above. 

For  low -speed  engines  with  compt*ossion  ignition,  as  well  as  for 
caloriscr  engines  with  low  compi'ossion  ratios,  mixed  and  residual  pet¬ 
roleum  products  processed  according  to  G*  ST  1667-51  used  as  fuels. 

Fuel  DT-1  is  produced  by  mixing  distillates  with  residual  distil¬ 
lation  or  cracking  products;  DT-2  and  01-3  are  pure  residual  products 


of  direct  petroleum  distillation  or  cracking  of  any  mixture  of  residual 
products  with  heavy  distillates. 

Diesel  fuel  DT-1  is  intended  for  unsupercharged  engines  with  jet 
atomization,  running  at  speeds  from  200  to  500  rpm  and  developing  powers 
below  400  hp,  as  well  as  for  other  types  of  engines  with  speeds  from 
300  to  500  rpm  and  powers  below  50  hp. 

Special  devices  are  required  to  preheat  and  clean  DT-2  and  DT-3 
fuels.  In  view  of  its  high  viscosity  and  pour  point,  fuel  DT-3  is 
specified  for  installations  equipped  with  devices  for  steam  preheating 
of  the  fuel.  The  recommended  preheating  temperature  is  35  -  40*^  for 
reservoirs,  60  -  65®  for  sedimentation  tanks  and  filters,  and  50  —  60® 
for  the  nozzles. 

Fuel  Dr-2  may  be  used  with  hot -water  heating  to  a  temperature  of 

45  -  50®. 

Apart  from  the  engines  listed  above,  fuel  DT-1  may  be  used "in  all 
equipment  operating  on  fuels  DT-2  and  DT-3  but  not  having  preheater 
devices. 

The  foreign  specifications  for  diesel  fuel  differ  little  from  the 
standards  effective  in  the  USSR.  The  USA  has  petroleum -products  speci¬ 
fications  that  include  specifications  for  diesel  fuels;  the  ASTM  spec¬ 
ifications,  Federal  specifications,  military  specifications,  and  others 
(Table  128). 

The  ASTM  specifications  provide  for  the  pi'oductlon  of  three  grades 
of  fuels  for  compression-ignition  high-speed  engines:  1-D,  2-D  and  4-D, 

The  easily  vaporized  1-D  distillate  fuel  is  a  kerosene -ligroin 
fx<aotion  boiling  below  330^.  This  fuel  is  intended  for  use  in  engines 
operating  with  variable  speeds  and  loads.  As  regards  its  indices,  fuel 
1-D  corresponds  to  fuel  DA  (GOST  4749-49). 

Distillate  fuel  2-D  is  the  petroleum  fraction  boiling  below  335*^. 
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TABLJi:  128 

American  Specifications  for  Diesel  Fuels  for  High- 
Speed  Compression-Ignition  Engines 


1 

rroKaaaToan 


O  Horanonoe  ’?nc.'io  ne  Ritate  .  . 
7  <I>paKunonnuH  coctob.  *C: 

3  flO%  noporoiiffOTCR  .  .  .  . 

9  K.  K . 

IOBh.ikocti.  RiiiteMaTinocKaa  npn 
38®,  eem: 

11  »mnnMyM  . 

12  iiauciniyM . 

1 3  IxOKcyoMOCTt,  10?J-noro  wtatKa 
mSoahiiocTb  n  %  ne  6o.ie?  .  . 
ISCoAopsKainie  cop«  b  **  seoeije 
IgCoAop/Kaniio  Dojita; 

17  o6bOMH.  no  fianee  .  .  . 

1C  %  BCO  -  *  »  ... 

20*'^-  ’opaiypa  BcnuniKn  b  *C 

on  ne  Meiteo  . 

^^OMoeparypa  aacTUBaana.  -C 
22lfcMnepaTypa  nowymeana.  *C 


2Cnoqn4)nKaan)i 
/VSTM  D-075-60T 

S 

il' 

||s 

esS 

SonncKafl  cnoi^n. 
iiiKautiR  MILB.^ 
4  (1030  r.) 

1-D 

2-D 

4-D 

KJiace 

2-1*1 

KJiace 

3-0 

Kaa« 

40 

40 

30 

40 

50 

40 

35 

288 

282- 

357 

— 

357 

357 

357 

3154i 

385 

385 

385 

1.4 

2,0 

5.8 

2,1 

2.1 

1.5 

2.5 

5,8 

26,4 

6,0 

6,0 

6.0 

23 

0.15 

0,35 

— 

— 

1  0,01 

0,02 

0.10 

0,02 

0,01 

0,01 

0,01 

1  0.5 

1.0 

2,0 

1,25 

1.00 

1,25 

1,00 

0,10 

0,50 

■ 

1  ^ 

1 

— 

— 

0,01 

0,03 

0,05 

0,03 

38 

52 

54 

38 

60 

60 

60 

* 

• 

• 

-7 

-18 

-29 

-JO 

— 

— 

-7 

-12 

-23 

-31 

*The  ''^pecification  provides  for  establishment  of 
additional  indices  by  agreement  with  the  customer. 

The  pour  poirits  are  established  by  agreement  with 
observance  of  the  following  condition:  lacking 
preheaters,  the  pour  point  must  be  5.6^  lower  than 
the  ambient  temperature. 

1)  Index j  2)  ASTM  Specification  D-975-60T;  3)  Fede- 
ra]  Specification  O-38I;  4)  Military  Specification 
MIL-E-896  (1950) j  5)  class  1?  6)  cetane  number  not 
below;  7)  fractional  composition,  °C;  8)  90^  dis¬ 
tilled;  9)  end  of  boiling;  10)  kinematic  viscosity 
at  33®,  cst;  11)  minimum;  12)  maximum,  13)  cokabl- 
lity  of  10^  residue;  24)  ash  content  in  %  not  above; 
15)  sulfur  content  in  ^  r.^“*  above;  I6)  water  content; 
17)  by  volume  not  above;  _l8)  traces;  19)  ^  by 
weight;  20)  flash  point  ir  ‘  C,  not  below;  21)  pour 
point,  ^C;  22)  cloud  point,  ®C. 


This  heavier  fuel,  which  is  harder  to  vaporize,  is  intended  for  use  in 
Industrial  and  heavy-duty  transport  engines.  Fuel  4-D  is  intended  for 
engines  running  at  medium  speeds  and  certain  types  01'.  low-speed  engines. 
Federal  Specification  0-3^1  provides  for  production  of  one  grade 
of  diesel  fuel,  which  differs  only  slightly  in  its  properties  from 


TABLE  129 

Specifications  of  Other  Countries  for  Diesel  Fuels 
for  High-Speed  Engines 


1 

noKasaTcmi 


6  yflenwiua  B«c  qJ®  . 

I^eranoDoe  hbcao  ae  anate  .  . 
OpaKABonnufi  eocres,  '’C: 
a  a)  SOti  BUKBBaw  .... 
D  C  90%  »  .... 

C  B)  K.  K . 

9  BflaKocTti  KBaeuaTB^ecKaii,  cet: 

^B  20*  . . 

npa  38*  . 

12  KoKcyeuocTh  10%*Boro  ocTaixa 

BB  6oBce  ...  . 

13  KoxcycMOCTh  Bcero  nponyKia 

ue  Oonee  . 

14  CoAepM<auiie  ToepAoro  ae$aav> 

Ta  110  Oojiea . 

Ip  3o.ikuocTb  B  %  ne  Oonee  .  .  . 
Ik  CoAnpsKaHite  cepu  a  %  ue  6o> 

,7  ace  . . 

(  IlpoGa  na  ucAuyio  iiJiacTBUxy 

19  CoAcpsuaiiae  boau  0  %  ue  6o> 

-  aee . 

20  CoAcpwauue  MexauuqecKux 

upuuecea  b  ue  Ooaee  .  . 

22  Teuocparypa  dcbubikb  *C  ae 

uenee . .  . 

23  TeMucpaiypa  sacruBauBa  a  *G 

ue  BUBie . 


2^ouucpoTypa  ua'iaua  BUACae- 
uuH  uapajiuuoB  b  *C  ue  Biune 

siiuoft . 

cU  <l)a;ibTpyeMocTS  no  XareMamy 
u  Xuuuopunry  b  *G  ao  nume 


28  ltoPI>c3iiA  KnuKOBOfl  naacTBiiKa 
(uoTopu  eeoa)  b  jua  ne  Coaee 

e 


2  .^UMUH  DEF-2402 

TAP  TGL 

TcunepaTypa  sacru- 
3  BaUBB 

1 

4938  (1959) 

•f20* 

0* 

-30" 

DKM 

DK 

— 

— 

— 

0,810- 

0,900 

0,810- 

0,880 

47. 

47 

45 

40 

40 

1 

360 

357 

357 

316 

— 

360 

385 

385 

1 

•  343 
10 

He  nnwe 

— 

— 

1.8- 

1^- 

3,0- 

3,0- 

7.5 

7.5 

1,4 

9.4 

9.4 

0.20 : 

0,20 

ai4 

— 

0.5 

0,5 

0.5 

— 

— 

— 

— 

— 

0.1 

0.1 

0,2 

0.01 

0,01 

0,01 

0.02 

0.01 

1,0 

1,0 

lA 

03 

18b 

UAopuc 

BBaer 

— 

0,05 

0.05 

0,05 

03 

0,1 

0.01 

0.01 

0,01  ‘ 

‘^TcyT< 

STByiOT 

66 

66  ' 

38 

55 

J^muO 

auMoO 

-10 

55 

-7 

-18 

-34 

0 

-15 

— 

— 

— 

-5 

-10 

— 

— 

— 

1 

4 

(PPr 

DIN 

51001 

(1959) 


0.820- 

0,860 

40-45 


•  360 


1.8- 

lao 


04 

ao: 

1.0 

0.1 

^iieyt- 

ctay*^ 


27 

Jletov 

AoO. 

snuc*. 

jjO-U 


1)  Index;  2)  England;  DEF-2402;  3)  pour  point;  4) 
German  Democratic  Republic,  TGL  4938  (1959) J  5) 
Federal  Republic  of  Germany,  DIN  516OI  (1959) J  6) 

specific  gravity  ;  7)  cetane  number  not  below; 

8)  fractional  composition,  ^C;  8a)  80^  bolls  out; 
6o)  end  of  boiling;  9)  kinematic  viscosity,  ost; 
lO)  not  below;  111  at;  12)  ookablllty  of  10^  resi¬ 
due  not  above;  13)  cokablllty  of  entire  product  not 
above;  l4)  solid -asphalt  content  not  above;  15 )  ash 
content  In  not  above;  I6)  sulfur  content  In  ^  not 
above;  17)  copper-plate  test;  I8)  passes;  19)  water 
content  in  ^  not  above;  20)  content  of  mechanical 


impurities  in  %  not  above;  21)  none;  22)  flash 
point,  C  not  below;  23)  pour  point  in  not 
above;  24)  summer  0,  winter  -10;  25)  temperature 
at  which  paraffins  begin  to  separate,  ^C,  not 
above  (winter);  26)  Hagemasch-Hliranerlng  Hlter- 
ability  OQ.  not  above;  27)  summer  to  0,  winter 
to  -12;  28)  zinc-plate  corrosion  (weight  loss) 
in  mg  not  above. 

grade  2-D.  Both  of  these  grades  correspond  approximately  to  fuel  L, 
which  is  produced  according  to  GOST  305-58. 

The  Military  Specification  was  introduced  in  the  USA  in  1950  to 
supersede  Navy  Specification  7-0-2-e  and  Army  Specification  2-102-c. 

The  Military  Specification  embraces  three  classes  of  fuels.  Class 
1  is  intended  for  submarine  engines  and  for  other  special-purpose  en¬ 
gines  operating  at  ambient-air  temperatures  above  -12°;  class  2  is  a 
'summer  diesel  fuel  for  automotive  and  tank  engines;  class  3  is  a  winter 
diesel  fuel. 

.  In  examining  the  mllitaj*y  specification  our  attention  is  drawn  to 
the  high  admissible  content  for  all  of  the  diesel  fuels  and  the  low 
cetajie  ratings  of  the  summer  and  winter  grades. 

Table  129  presents  British,  East  German  and  West  German  specifica¬ 
tions  for  diesel  fuels  for  high-speed  engines.  Diesel  fuels  of  three 
grades  are  used  in  England;  these  have  cetane  ratings  of  45  —  47  and 
pour  points  of  -7,  -l8  and  -  34°.  Sulfur  contents  in  these  fuels  may 
run  up  to  1^, 

Two  grades  of  diesel  fuels  are  produced  in  the  German  Democratic 
Republic;  type  DKI4,  which  is  used  in  engines  having  piston  speeds  be¬ 
low  7  m/sec,  and  DK,  v^fhlch  is  used  in  engines  with  piston  speeds  above 
7  m/sec.  The  Federal  Republic  of  Germany  pr-oduces  only  one  grade  of 
diesel  fuel.  The  density  raiiges  are  standardized  for  all  grades  of  die¬ 
sel  fuel;  here,  if  the  fuel’s  density  lies  outside  the  specified  limits 
provision  is  made  in  West  Germany  for  adjusting  the  fuel  apparatus. 


In  contrast  to  the  specifications  of  other  countries,  the  corrosive 
properties  of  the  diesel  fuels  produced  In  both  East  and  West  Germany 
are  evaluated  not  indirectly  —  by  acid  number  -  but  directly,  from  the 
weight  loss  of  a  zinc  plate.  The  low -temperature  properties  of  diesel 
fuels  are  determined  in  West  Germany  in  a  filtering  apparatus,  rather 
than  from  the  cloud  and  pour ~ temperatures.  This  method  gives  a  more 
correct  evaluation  of  the  fuel's  behavior  at  low  temperatures.  In  both 
West  and  East  Germany,  addition  of  kerosene  to  diesel  fuel  or  heavy 
gasoline  is  permitted  when  the  air  temperature  drops  below  — l4°,  al¬ 
though  the  East  German  specifications  make  it  a  condition  that  the 
viscosity  of  the  fuel  not  drop  below  3.0  cst  when  this  is  done,  nor 
its  flash  point  below  55°.  The  West  German  specifications  restrict  not 
only  the  lower  limit,  but  also  the  upper  limit  of  cetane  rating. 
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Chapter  19 
BOILER  FUELS 

GENERAL  REMARKS 

During  the  first  50  years  of  the  existence  of  steam  power  in¬ 
stallations,  the  steam  boilers  were  stoked  exclusively  with  coal  and 
woods.  With  the  development  of  the  petroleum  Industry,  the  question  of 
using  petroleum  and  its  refinery  products  as  fuels  became  acute,  since 
liquid  fuel  (mazout)  produces  1.5  times  as  much  heat  as  coal  and  3 
times  as  much  as  wood. 

The  use  of  liquid  fuel  was  delayed  by  the  lack  of  effective 
methods  of  burning  it.  Attempts  to  burn  liquid  fuel  in  the  fireboxes, 
in  the  form  of  fine  sprays  or  droplets  or  by  pouring  it  over  a  tray 
having  a  broad  surface  produced  no  results.  Combustion  was  accompanied 
by  loud  noise,  the  fuel  did  not  burn  completely,  and  the  firebox  did 
not  reach  the  required  temperature. 

An  effective  method  for  burning  liquid  fuel  in  atomized  form  was 
proposed  by  A. I.  Shpakovskiy  (1865)  and  D.I.  Mendeleyev  (186?) .  This 
method  came  into  practical  application  in  I880,  when  V.G.  Shukhov 
built  a  special  nozzle  for  combustion  of  fuel;  in  this  nozzle,  the 
petroleum  fuel,  which  came  out  through  a  narrow  passage,  is  converted 
into  a  fine  spray  by  steam  force.  Entering  the  firebox,  the  atomized 
fuel  vaporizes,  le  thoroughly  mixed  with  air,  and  burns  to  oompletion. 
Steam  atomization  proved  so  effective  that  it  is  still  being  used 
ijucceasfully  to  this  day. 

In  the  middle  eighteen- nineties,  the  Tentelevsk  chemical  plant 


at  St .  Petersburg  developed  a  system  for  mazout  firing  of  steam  boilers 
using  mechanical  nozzles  in  which  the  fuel  is  atomized  by  the  pressure 
set  up  by  a  pump.  The  mechanical  nozzles  eliminate  the  large  consump¬ 
tion  of  steam,  which  is  of  great  "importance  for  seagoing  vessels,  since 
the  fresh- water  requirement  is  reduced.  The  introduction  of  nozzles  for 
combustion  of  liquid  boiler  fuel  made  it  possible  to  create  new  types 
of  boiler  installations  with  high  steam  output,  high  thermal  loads  on 
the  heating  surface,  and  high  efficiencies.  Liquid  boiler  fuels  came 
into  widespread  use  in  all  branches  of  the  national  economy;  this  is 
accounted  for  by  the  great  advantages  of  liquid  fuels  over  fuels  of 
other  types. 

These  advantages  include: 

—  a  high  heat  of  combustion,  which  makes  it  possible  to  burn 
liquid  fuels  at  high  firebox  stresses,  which  may  reach  1,500,000 
kcal/m^*hour  as  against  350,000  kcal/cm^‘hour  with  solid  fuels; 

—  the' possibility  of  reaching  high  completeness  of  combustion 
with  relatively  low  excess-air  ratios; 

—  convenience  in  supplying  the  fuel  to  the  firebpx  and  the  possi¬ 
bility  of  automating  this  process; 

—  the  simplicity  of  transportation,  loading  and  unloading  of  the 
fuel  at  the  points  of  production  and  consumption  and  ease  of  storage; 

—  the  precision  and  simplicity  with  which  the  thermal  regime  of 
the  installations  can  be  regulated. 

Special  requirements  are  set  forth  for  marine-boiler  fuels;  they 
must  make  it  possible  to  operate  the  installation  under  various  cli¬ 
matic  conditions  without  cumbersome  accessory  devices  (preheaters, 
settling  tanks,  and  so  forth),  contain  the  smallest  possible  quantity 
of  ballast,  l.e.,  unnecessary  Impurities  (ash,  moisture),  have  high 
heats  of  combustion,  occupy  a  small  volume  per  unit  weight,  and  burn 


well  (if  possible,  without  smoke)  In  marine-boiler  fireboxes  that  are 
simple  In  design  and  small  In  dimensions. 

The  heat  balance  of  a  boiler  Installation,  which  determines  the 
Influx  and  expenditure  of  heat,  is  its  performance  Index.  The  expendi¬ 
ture  side  of  the  balance  Includes  all  productive  expenditure  going  for 
the  performance  of  work  and  unproductive  expenditure,  which  is  com¬ 
posed  of  the  various  heat  losses.  If  the  heat  introduced  into  the  fire¬ 
box  (which  is  equal  to  the  heat  of  combustion  of  the  fuel  in  question) 
is  taken  as  100,  the  productive  and  unproductive  consumptions  observed 
with  a  liquid  fuel  are  distributed  approximately  as  shown  in  Pig.  l68. 

The  unproductive  losses  are  by  no  means  a  constant  quantity.  Heat 
losses  can  and  should  be  reduced  by  efficient  utilization  of  the  heat 
wastes,  selection  of  an  efficient  combustion  mode,  improving  the  heat 
insulation  of  the  boiler  Installation,  and  so  forth. 

To  raise  the  operating  efficiency  of  the  installation,  it  la 
necessary  tq  observe  exactly  the  operating  procedure  for  the  boiler  and 
to  maintain  the  heating  surface  in  proper  order  at  all  times.  Practi¬ 
cal  experience  has  shown,  for  example,  that  cleaning  the  heating  sur¬ 
face  and  maintaining  it  in  the  proper  condition  is  alone  sufficient  to 
Increase  the  productivity  of  the  installation  by  lOjS  or  more.  Air 
blown  by  ventilators  is  fed  into  the  ash  pit  of  the  firebox  to  support 
combustion. 

Completeness  of  combustion  is  achieved  by  thorough  mixing  of  the 
fuel  particles  with  air.  Consequently,  the  smaller  the  fuel  particles 
composing  the  fuel-air  mixture,  the  more  complete  will  be  the  com¬ 
bustion  process. 

A  necessary  condition  for  normal  operation  of  a  boiler  installa- 
ticn  is  completeness  of  fuel  combustion  with  the  smallest  practically 
feasible  air  excess. 
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Fig,  169.  Curve  show¬ 
ing  combustion  tem¬ 
perature  of  fuel-air 
mixture  as  a  function 
of  excess-air  ratio. 

1)  Combustion  tempera¬ 
ture,  °C;  2)  excess- 
air  ratio. 
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Pig.  168.  Heat  balance  of  boiler  instal¬ 
lation.  1)  Losses;  2)  from  mechanical  in¬ 
completeness  of  combustion 0-0. 1^  3)  from 
chemical  Incompleteness  of  combustion 
1.5-3*5J^;  4)  due  to  radiation  2.0-10.0;^; 

5)  utilized;  6)  introduced  into  firebox 
100^;  7)  losses  with  exhaust  gases  10-23$^< 


The  combustion  temperature  of  the  fuel- 
air  mixture  varies  as  a  function  of  excess 
air.  The  relationship  between  these  para¬ 
meters  is  shown  in  Pig.  I69,  where  the  fuel 
is  mazout  with  an  actual  water  content  of 
0.3SS  and  a  VU^q  viscosity  of  6  with  mechan¬ 
ical  atomization. 

To  a  major  degree,  the  completeness  of 
combustion  of  mazouts  depends  on  their 
quality.  Heavy  mazouts,  and  cracking  mazouts 
in  particular,  which  contain  up  to  14- 16^ 
of  anphaltenes,  carbenes  and  carboids,  do 


not  burn  completely  and  produce  deposits  on  the  tube  surfaces.  The 
smaller  the  tendency  of  the  fuel  to  produce  products  of  incomplete 
combustion,  the  more  economically  and  reliably  will  the  installation 
perform.  Various  additives  are  introduced  into  mazouts  abroad  to  en¬ 
sure  completeness  of  combustion.  According  to  N.A.  Butkov,  one  such 


additive  —  Pyrolin  -  consists  almost  entirely  of  aromatic  hydrocarbons 


with  the  low  crystallization  temperature  of  naphthalene  homologs.  It 
Is  assumed  that  the  most  complete  combustion  or  mazouts  with  Pyrolln 
added  Is  achieved  by  reducing  the  tendency  of  resinous  alphalt  and 
higher  aromatic  compounds  In  the  mazout  to  polymerization  and  condensa¬ 
tion  reactions, 

A  number  of  other  additives  are  also  known;  these  are  produced 
under  the  trade  names  Dlsllp  P,  Puelsllp,  Nalco,  and  so  forth.  The 
additive  ekstslt  [sic;  Excite?  X-lte?],  which,  according  to  the  VTI, 
consists  basically  of  7056  NaCl  and  20^  (NH|^)2S0j^  [33#  Is  used  In  the 
USA. 

The  domestic  additive  Ekoton  has  the  following  cos^osltlon:  1.^^ 
of  elementary  sulfur,  79.55^  NaCl,  %  (NH|^)2S04,  6.5^  AlCOH)^,  3%  ZnO, 
CuO,  1.0J6  PeSO^  and  0.55^  HgO  [3l. 

In  1957,  under  the  supervision  of  N.A.  Butkov,  the  Soviet  additive 
vnll  np-102  was  developed  to  permit  more  efficient  combustion  of  hlgh- 
vlscoslty  sulfur-containing  mazouts.  Tests  of  the  additive  conducted 
during  1958  by  naval  vessels  confirmed  its  effectiveness.  It  was  es¬ 
tablished  that  the  additive  Improves  the  combustion  process,  reduces 
heat  losses  due  to  chemical  incompleteness  of  combustion,  and  reduces 
nozzle  cokabillty  and  the  amount  of  soot  and  scale  formed  on  the 
heating  surfaces  to  a  considerable  degree. 

Liquid  boiler  fuel,  which  represents  the  heavy  petroleum  residues 
of  refining  (direct  distillation  and  cracking)  together  with  products 
of  thermal  refining  of  coals  and  fuel  shales,  is  used  for  combustion 
in  marine  fireboxes,  the  fireboxes  of  stationary  boiler  installations, 
and  for  tachnical  purpoaaa  (in  ataal  amtlting  and  in  tharmal,  heating 
and  other  industrial  furnaces).  At  times,  raw  heavy  petroleums  that 
are  deficient  in  the  light  fractions  are  used  as  boiler  fuels. 

No  single  approved  classification  has  been  established  for  liquid 
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boiler  fuels.  The  liquid  boiler  fuels  produced  by  the  industry  may  be 
classified  on  the  basis  of  origin,  sulfur  content,  and  field  of  ap¬ 
plication.  In  accordance  with  their  origin,  boiler  fuels  are  classi¬ 
fied  as  follows: 

1)  petroleum  boiler  fuels,  which  are  residual  products  of  petrole¬ 
um  refining  (direct  distillation  and  cracking)  or  raw  petroleums  that 
cannot  be  used  for  refining  for  a  variety  of  reasons; 

2)  coal  fuels  —  residual  products  from  the  distillation  of  tars 
obtained  in  semlcoklng  of  coals; 

3)  shale  fuels  -  neutralized  shale  tars  (shale  oil)  produced  in 
semicoking  of  shales  in  internally  heated  furnaces. 

Mazouts  are  classified  as  follows  on  the  basis  of  sulfur  content; 

1)  low-sulfur  mazouts,  containing  no  more  than  0.5SS  sulfur; 

2)  sulfur-containing  mazouts  —  sulfur  content  not  above  1^; 

3)  high-sulfur  mazouts,  containing  up  to  3.53^  of  sulfur. 

On  the  basis  of  field  of  application,  liquid  boiler  fuels  are 
classified  as  follows: 

1)  fleet  mazout  -  oT  petroleum  origin,  with  properties  elevated 
for  vessels  and  ships  of  the  navy  and  fishing  fleet; 

2)  fuel  mazout  (petroleum  fuel,  heavy  petroleums,  shale  and  coal 
mazouts),  which  is  used  for  stationairy  boilers.  Industrial  furnaces, 
and  ships  of  the  navy  and  fishlitg  fleet. 

As  rega£*ds  composition  and  the  type  of  raw  material,  fuel  mazouts 
are  classified  as  low-paraffin  and  paraffin-containing,  i^irther, 
straight-injin  mazouts  and  crackling  mazouts  ai'e  distinguished,  the 
latter  belrg  a  residue  of  the  cracking  pi^ocess. 

BASIC  PKGPSHTIES  OF  LIQUID  BOILEB  FUELS 

The  specifications  laid  down  for  the  quality  of  boiler  fuels  are 
detes'min>£d  by  a  number  of  physicochemical  Indices;  heat  of  combustion, 
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viscosity,  flash  and  pour  points,  content  of  mechanical  impurities, 
ash,  sulfur,  water,  and  gummy  suostances.  These  boiler- fuel  quality 
Indices  characterize  their  operational  properties  and  make  it  possible 
to  select  the  field  and  conditions  for  application  of  the  various 
fuel  grades. 

Heat  of  Combustion 

One  of  the  basic  factors  that  enable  us  to  Judge  the  quality  of 
a  fuel  is  its  heat  of  combustion.  This  determines  the  possibility  of 
increasing  the  thermal  stress  in  the  firebox  volume  and  the  specific 
fuel  consumption. 

Por  fuels  used  on  seagoing  vessels,  the  heat  of  combustion  is  of 
particularly  great  Importance,  since  it  makes  it  possible  to  increase 
the  sailing  range  with  a  given  weight  of  fuel  taken  into  the  bunkers. 

At  the  present  time,  heat- of- combust ion  specifications  are  in¬ 
cluded  in  the  GOST  technical  specifications;  for  fleet  mazouts,  non¬ 
conformity  of  the  combust ion- heat  specifications  to  the  technical 
specifications  constitutes  one  reason  for  rejection. 

The  heats  of  combustion  of  fuels  depend  on  their  elementary  com¬ 
position,  which  is  different  for  different  fuel  grades.  A  high  heat 
of  combustion  is  ensured  in  liquid  fuels  by  a  high  H:C  ratio  in  them 
and  a  low  ash  content. 

The  oxygen,  nitrogen  and  sulfur  that  are  included  in  the  ele¬ 
mentary  composition  of  a  fuel  reduce  the  fuel's  heat  of  combustion, 
as  do  the  moisture  W  and  the  noncombustible  mineral  substances  (ash)  A 
present  in  it,  the  latter  representing  the  fuel's  ballast. 

In  thermal- tnginff ring  oalculatlone  and  evaluation  of  boiler  fuels 
they  are  characterized  by; 

a)  the  working  mass  of  the  fuel,  which  indicates  what  fuel  Is 
being  fed  into  the  firebox; 


C**  +  H**  +  0*  +  +  s5  + 

b)  the  dry  (dehydrated)  mass  of  the  fuel; 

C*'  +  H»  +  0»  -  N»  +  S5  +  il*=  i0O%; 

c)  the  combustible  mass  of  the  fuel,  which  represents  the  water- 
and  ash-free  composition  of  the  fuel; 

C' +  H' + 0*“  +  N' +  S5  =  100%  . 

In  these  formulas,  the  superscripts  r,  £  and  g  denote  the  working 
dry  and  combustible  masses  of  the  fuel,  while  is  the  volatile  com¬ 
bustible  sulfur.  Thermal  calculations  for  boilers  are  normally  based 
on  the  working  mass  of  the  fuel. 


TABLE  130 


Elementary  Composition  of  Various  Grades  of 
Mazout 
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1)  Product;  2)  fleet  mazout  12;  3)  sulfur 
mazout  12;  4)  firebox  sulfur  mazout  20;  5) 
firebox  sulfur  mazout  40;  6)  Yarega  petroleum. 


The  elementary  composition  of  boiler  fuels  undergoes  considerable 
change  as  a  result  of  deeper- reaching  refining  processes  and  the  use 
of  sulfur-containing  raw  materials.  The  higher  the  viscosity  and 
specific  gravity  of  a  :aa.*5out,  the  higher  will  be  the  carbon  content 
in  It  and  the  lower  its  hydrogen  content.  Moreover,  the  contents  of 
sulfur,  oxygen  and  nitrogen  are  elevated  in  the  more  viscous  mazouts. 
Viscous  cracking  masouts  contain  from  87.0  to  83.5^  carbon  and  from 

10.5  to  11.5:^  hydrogen.  Low-viscosity  mazouts  accordingly  contain  from 

83.5  to  85.5^  of  carbon  and  from  11,4  to  12. 2j^  of  hydrogen.  The  sul- 


fur  content  In  viscous  cracking  mazouts  from  nonsulfurous  petroleums 
may  reach  1^,  and  3.55^  in  sulfurous  mazouts  (Table  130) . 

Knowing  the  elementary  composition  of  a  fuel,  we  may  determine  its 
heat  of  combustion  from  empirical  formulas.  The  most  widely  used  formu¬ 
la  among  us  is  that  of  D.I.  Mendeleyev  (page  I98,  Chapter  7). 

The  heat  of  combustion  is  determined  with  greater  accuracy  by  ex¬ 
periment,  using  a  bomb  calorimeter  (see  Chapter  3).  The  heat  of  com¬ 
bustion  of  the  combustible  mass  of  viscous  cracking  mazouts  is  lower 
than  that  of  straight-run  mazouts  by  2-3.55^.  The  difference  between 
the  heats  of  combustion  of  sulfurous  and  low-sulfur  mazouts  of  the 
same  grades  is  as  high  as  2^^. 

As  the  specific  gravity  of  liquid  fuel  changes,  its  heat  of  com¬ 
bustion  also  changes.  The  heavier  the  fuel,  the  smaller  will  be  its 
unit-weight  heat  of  combustion.  According  to  GOST  specifications,  the 
heat  of  combustion  of  fleet  mazouts  must  be  no  lower  than  9870  kcal/kg. 
The  heat  of  combustion  of  firebox  mazouts  depends  on  their  grade  and 
the  raw  material  from  which  they  were  produced.  The  lowest  heat  of 
combustion,  9450  kcal/kg,  has  been  set  for  mazout  200,  which  comes 
from  high- sulfur  raw  material. 

Apart  from  the  unit-weight  heat  of  combustion,  the  heat  of  com¬ 
bustion  computed  for  unit  volume  is  aiso  of  considerable  Interest  to 
the  operations  engineer;  it  is  determined  by  the  formula 

jfj  K^dfkcal/llter 

The  unit-volume  heat  of  combustion  of  cracking  mazouts  is  normally 
higher  than  that  of  straight-run  mazouts. 

For  purposes  of  comparison,  and  for  resolving  questions  that 
arise  when  one  grade  of  fuel  is  to  be  replaced  by  another,  as  well  as 
for  establishment,  of  fuel-consumption  norms  and  planning  fuel  require¬ 
ments,  a  conventional  unit  of  heat  of  combustion  equal  to  7000  kcal/kg 
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has  been  introduced. 

A  fuel  with  a  working-mass  heat  of  combustion  of  7000  kcal/kg  is 
known  as  conventional  fuel . 

The  qualities  of  fuels  are  compared  on  the  basis  of  the  fuel 
calorific  equivalent,  which  is  determined  by  the  formula 

9  <?5 

Q?« 

The  calorific  equivalent  is  ~1.4  for  mazout. 

The  necessary  consumption  of  a  liquid  boiler  fuel  can  be  estab¬ 
lished  proceeding  from  the  total  useful  expenditure  of  heat,  the  heat 
of  combustion,  and  the  efficiency  of  the  boiler  or  furnace; 


where  B  is  the  fuel  comsumption  in  kg,  is  the  useful  heat  expen¬ 

diture,  0^  is  the  lower-limit  heat  of  combustion  of  the  fuel,  and  t)  Is 
the  efficiency  of  the  boiler  or  furnace. 

Viscosity  of  Liquid  Boiler  Fuels 

Like  heat  of  combustion,  viscosity  is  a  basic  technical  property 
of  mazouts  that  determines  the  possibility  and  conditions  of  using 
them. 

The  viscosity  of  mazouts  has  been  adopted  as  a  basic  index  for 
grading  them.  It  is  measured  with  a  standard  viscosimeter  and  the, 
viscosity  value  is  given  in  VU  degrees.  The  viscosity  of  boiler  fuels 
is  determined  for  different  temperatures;  for  fleet-grade  PS-5  and 
P-12  mazouts  at  50^,  for  F-20  at  75^»  and  for  petroleum  fuel  (mazout) 
at  80°,  except  for  mazout  200,  whose  viscosity  is  determined  at  100°. 
The  viscosity  values  found  for  the  mazouts  at  these  temperatures  do 
not  enable  us  to  form  judgments  as  to  their  viscosity-temperature 
characteristics . 


At  the  same  time,  the  difficulties  that  arise  in  conducting 
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operations  Involving  the  use  of  mazouts,  such  as  shipping,  transfer 
from  railroad  tank  cars,  tankers  and  barges,  pumping  through  storage- 
dump  lines  and  pipelines  in  ships,  are  governed  by  the  viscosity  pro¬ 
perties  of  the  mazouts  to  a  greater  extent  than  by  the  pour  point. 

Figure  170  shows  curves  of  the  viscosity  of  mazouts  as  a  function 
of  temperature  in  the  range  of  above-zero  temperatures.  It  can  be 
seen  that  in  the  region  of  high  temperatures  -  from  approximately  50° 
on  up  —  the  curves  for  mazouts  of  various  grades  are  shallow  and  the 
viscosities  vary  only  slight-l-y- as  a  function  of  temperature.  As  a 
rule,  the  absolute  viscosity  figures  will  be  the  larger  the  heavier 
the  fuel  and  the  higher  its  gum  content.  At  temperatures  of  the  order 
of  90-100°,  the  viscosities  of  various  grades  of  mazout  are  closely 
similar. 

For  normal  combustion  of  liquid  boiler  fuels  using  nozzles,  and 
to  ensure  uniform  feed  of  fuel  to  them,  the  viscosities  of  fuels  should 
not  exceed  a  certain  limit.  This  requirement  is  connected  with  the 
Influence  of  viscosity  on  the  fineness  and  uniformity  of  fuel  atomiza¬ 
tion. 

It  will  be  seen  from  Fig.  171  that  the  higher  the  viscosity,  the 
greater  will  be  the  average  diameter  of  the  droplet.  Deterioration  of 
atomization  fineness  brings  with  it  a  rise  in  smokiness  of  the  ex¬ 
haust  due  to  incomplete  combustion  and  Increased  fuel  consumption. 
Specific  mazout  viscosities  are  required  for  the  various  types  of 
nozzles  and  maintained  by  heating  the  fuels  in  the  oil  preheaters. 

The  preheating  temperature  selected  depends  on  the  grade  of  fuel. 

The  required  limiting  visooeltles  for  the  various  grades  of 
mazouts  and  their  preheating  temperatures  are  listed  by  A. I.  Dvoretskiy 
[5]  as  functions  of  nozzle  type.  According  to  the  data  given,  mazout 
viscosities  no  higher  than  15°  VU  are  recommended  for  steam  nozzles 


and  no  higher  than  6®  VU  for  mechanical  nozzles;  here,  the  preheating 
temperature  of  the  mazouts  varies  from  45°  to  100°,  depending  on 
grade.  For  boiler  installations  with  elevated  parameters,  steam-nozzle 

mazout  viscosities  of  about  7°  VU  are  recommended;  for  mechanical  . 

nozzles,  the  figure  Is  about  4°  VU. 


Fig.  170,  Curves  showing  boiler- fuel 
viscosities  as  functions  of  tempera¬ 
ture.  1,  2,  3»  4)  Gr?de  80,  60,  40 
and  20  firebox  mazouts;  5)  Yarega 
petroleum;  6)  shale  mazout;  7)  fleet 
mazout  12.  A)  Viscosity,  degrees  VU; 
B)  temperature,  degrees  C. 


The  viscosity  of  the  mazouts  is  usually  even  lower  for  mechani¬ 
cal  nozzles  used  in  the  boiler  installations  of  seagoing  vessels 
than  for  stationary  installations,  and  does  not  exceed  2-3°  VU;  to  en¬ 
sure  this  viscosity,  fleet  mazouts  are  heated  as  follows;  FS-5  to  65- 
75°,  F-12  and  F-20  to  100°.  The  preheating  temperature  of  the  mazout 
is  easily  found  from  the  mazout-viscosity  nomogram  [6]  if  the  grade  of 
mazout  and  the  necessary  viscosity  for  the  nozzle  are  known. 

Normal  operation  of  boiler  installations  is  ensured,  even  on 
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heavy  cracking  residues,  semiasphalts 
and  petroleum  asphalts,  l.e.,  on  fuels 
having  viscosities  5-10  times  higher  at 
80°  than  those  of  ordinary  commercial 
raazouts  [7,  8],  by  preliminary  heating 
of  the  fuel  to  obtain  the  required  vis¬ 
cosity. 

In  the  region  of  depressed  tempera 
tures  from  +50°  down  (see  Pig.  170),  the 
viscosities  of  the  various  mazouts  vary  differently,  and  even  minor 
temperature  variations  may  produce  a  sharp  change  in  the  slope  of  the 
viscosity  curve.  At  these  temperatures,  the  viscosities  of  mazouts 
depend  on  many  factors:  the  quality  of  the  raw  material,  the  produc¬ 
tion  method,  the  depth  from  which  fuel  is  taken,  and  the  paraffin  and 
gum  contents.  Under  these  conditions,  the  absolute  viscosity  values 
and  the  nature  of  the  viscosity  are  of  Importance  in  evaluating  the 
mobility  of  the  mazouts. 

Straight-run  mazouts,  nonparaffinlc  types  derived  from  low-sulfur 
raw  material,  have  a  shallow  viscosity-temperature  curve  to  0°,  and 
the  viscosity  does  not  rise  particularly  sharply  even  at  temperatures 
below  0°.  Since  they  have  a  low  pour  point,  shipping  and  transfer  are 
relatively  simple  at  temperatures  around  0°. 

The  viscosity  of  nonparaffinlc  cracking  mazouts  increases  more 
rapidly  with  falling  temperature  than  that  of  straight-run  mazouts. 

At  the  same  time,  despite  the  rather  high  viscosities,  cracking 
mazouts  do  not  relinquish  their  mobility  even  at  temperatures  near 
the  pour  point.  In  this  case,  the  viscosity  Increases  due  to  thicken¬ 
ing,  l.e,,  due  to  the  Increase  in  the  viscosity  of  the  noncrystalliz¬ 


Plg.  171.  Influence  of 
viscosity  on  average  drop¬ 
let  diameter  in  atomiza¬ 
tion.  A)  Average  fuel- 
droplet  diameter,  |Xj  B) 
viscosity,  °VU. 


ing  hydrocarbons  of  the  fuel,  which  make  up  the  major  part  of  its 


hydrocarbon  component . 

Cracking  mazouts  can  be  transferred  without  any  special  preheating 
even  at  temperatures  near  the  pour  point,  when  a  pump  is  used,  and  can 
be  drained  from  railroad  tank  cars  with  only  slight  preheating. 

Unlike  the  types  discussed  above,  it  Is  characteristic  for  paraf¬ 
finic  mazouts  that  together  with  the  Increase  in  viscosity  with  di¬ 
minishing  temperature,  the  ultimate  shear  stress  Increases  sharply. 
According  to  G.I.  Fuks,  a  static  shear  stress  appears  at  about  20®  in 
a  paraffinic  mazout,  while  it  is  not  registered  even  at  0®  in  a  crack¬ 
ing  mazout. 

In  this  case,  we  observe  solidification  of  the  product  —  the  re¬ 
sult  of  crystallization  of  the  high-melting,  chiefly  paraffinic  hy¬ 
drocarbons  present  in  it,  which  create  a  crystalline  skeleton  (struc¬ 
ture)  that  renders  the  liquid  phase  immobile  or  mobile  only  with  dif¬ 
ficulty.  Consequently,  drainage  and  pump  transfers  of  paraffinic 
mazouts  at  low  temperatures  require  preheating  above  the  pour  point. 

Pipeline  transport  of  high-viscosity  and  paraffinic  mazouts, 
particularly  in  cases  of  long  pipelines,  is  possible  only  with  con¬ 
tinuous  pumping  at  a  rate  no  lower  than  1-1.5  m/sec.  When  pumping 
ceases,  it  is  necessary  to  take  measures  to  maintain  the  temperature 
of  the  mazouu  in  the  pipeline  or  to  empty  the  pipeline  (by  incline 
drainage,  air  blowout,  pumping  a  lighter  fuel  through  or  by  use  of  a 
suction  pump) . 

Mazouts  produced  in  refining  of  sulfur- containing  petroleums  con¬ 
tain  considerable  quantities  of  paraffins  and  gummy  asphaltic  sub- 
st;ances  (Table  131)  >  with  the  result  that  as  the  temperature  falls, 
they  not  only  show  increased  viscosity,  but  also  lose  their  mobility 
(fluidity),  usually  at  temperatures  higher  than  the  pour  point  as  de¬ 
termined  by  the  standard  method.  In  this  case,  the  viscosities  change 
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TABLE  131 

Viscosity- Temperature  Characterization  of  Mazouts  at  Low  Temperatures 
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1)  Specimen  No.;  2)  mazout;  3)  paraffins,  determined  by;  4)  Zalozetskly. 
Goland  method,  $6;  5)  adsorption  on  carbon,  6)  tars,  7)  asphal- 
tines,  8)  viscosity  (in  °  VU)  at  temperature  of  (^C);  9)  maximum; 

10)  minimum;  11)  straight-run  low-sulfur  F-12  mazout;  12)  sulfur-con¬ 
taining  cracking  mazout  12;  13)  straight-run  PS-5  sulfur  mazout. 

as  a  result  of  thickening  and  solidification. 

At  temperatures  from  10^  down,  the  viscosities  of  sulfur-con¬ 
taining  mazouts  are  much  higher  than  those  of  nonsulfurous  mazouts. 

At  these  temperatures,  the  nature  of  viscosity  is  also  of  importance 
for  sulfurous  mazouts.  Table  2  presents  data  given  by  the  author  of 
[9]  that  characterize  the  presence  and  magnitude  of  two  viscosity 
values  for  low-sulfur  and  sulfurous  mazouts  —  the  structural  and 


residual  viscosities  (which  correspond  to  the  undisturbed  maximum 
and  disturbed  minimum  structures) . 

At  temperatures  of  10°  and  below,  the  appearance  of  structural 
viscosity  is  noted  in  all  of  the  mazout  specimens  investigated.  In 


low-sulfur  straight-run  mazout  (specimen  1),  signs  of  structure  forma¬ 
tion  are  also  detected,  although  the  ratio  of  maximum  to  minimum  vis¬ 
cosity  does  not  exceed  1.4-1. 6  and  the  numerical  values  of  the  struc¬ 
tural  and  residual  viscosity  are  of  the  same  order. 

In  sulfurous  straight-run  and  oraoking  maaoutSi  atruoturs  forma¬ 
tion  is  particularly  strongly  manifested  (Fig.  172) .  For  these  pro¬ 
ducts,  the  above  ratio  reaches  5-7  even  at  0®,  while  at  —10*^  it  is 
even  larger.  The  absolute  viscosity  values  of  straight-run  sulfurous 
mazout  at  low  temperatures  are  considerably  lower  than  the  viscosities 
of  cracking  mazout,  but  exceed  those  for  low-sulfur  mazout. 

The  viscosity  increase  associated  with  the  formation  of  structure 
is  quite  detrimental  to  the  pumpability  of  the  mazouts  at  low  tempera¬ 
tures.  The  results  of  measurements  conducted  on  a  laboratory  pumping 
apparatus  may  give  some  idea  of  the  influence  of  a  mazout 's  viscosity 
properties  on  its  pumpability.  The  curves  shown  on  the  diagram  (Fig. 
173)  correspond  to  the  mazouts  whose  viscosity  properties  are  listed 
in  Table  131.  It  can  be  seen  that  at  a  temperature  below  20^^,  the 
pumpability  of  the  sulfurous  cracking  mazout  (curve  3)  is  smaller  by 
a  factor  of  2. 0-2. 5  than  that  of  a  mazout  (curve  l)  whose  viscosity 
at  50*^  is  the  same.  The  pumpability  of  the  low-viscosity  sulfurous 
mazout  (curve  2)  is  also  found  to  be  lower  at  temperatures  below  10° 
than  that  of  the  mazout  of  curve  1. 

When  mazouts  are  used  on  seagoing  vessels,  the  fuel  in  some  of 
the  tanks  assumes  the  temperature  of  the  outboard  water  (10-15°  in 
summer  and  below  0°  in  winter) . 

Local  preheating  is  applied  on  seagoing  vessels  to  reduce  vis¬ 
cosity  at  those  temperatures.  Here,  the  mazout  Is  heated  only  in  the 
region  of  the  pump's  Intake  tube  in  the  tank,  and  the  great  mass  of 
the  mazout  arrives  at  the  pickup  without  preheating.  The  limited  di- 

-  602  - 


Fig.  172.  Viscosity 
curves  of  low- sulfur 
and  sulfurous  mazouts 
at  low  temperatures. 

1)  Fleet  mazout  F-12, 
straight  run,  VU^q  = 

=  12  (from  low-sulfur 
petroleums)}  2)  fleet 
mazout,  straight  run, 
=4.38  (from  sul- 

furous  petroleum). 

Vka  =  (-10);  3) 

cracking  mazout,  VU^q  = 

=12  (from  sulfurous 
petroleum) ,  = 

=  3813  (-10);  a)  vis¬ 
cosity  with  undis¬ 
turbed  structure;  b) 
viscosity  with  dis¬ 
turbed  structure.  A) 
Viscosity,  poises;  B)  ~  - 
temperature,  °C, 


mensions  of  small-boat  fuel  tanks  and  the 
impossibility  of  installing  high-capacity 
preheating  devices  in  them  make  it  necessary 
to  set  forth  high  specifications  as  regards 
the  viscosity  properties  of  the  boiler 
fuels  for  seagoing  vessels  at  temperatures 
below  20°. 

At  the  present  time,  the  viscosity 
of  FS-5  sulfurous  mazout  is  specified  by 
the  GOST  regulations  not  only  for  50°,  but 
also  for  temperatures  of  10°  and  0°.  The 
viscosity  values  established  here  corres¬ 
pond  to  the  viscosities  of  straight-run 
F-12  low- sulfur  mazout  as  obtained  at  the 
same  temperatures. 

When  boiler  fuels  are  produced  at  the 
refineries,  and  during  loading,  unloading 
and  shipping  operations,  they  undergo  re¬ 
peated  cooling  and  heating,  and  this  may 
affect  their  viscosity-temperature  charac¬ 
teristics.  According  to  N.I.  Chernozhukov, 
N.M.  Guttsayt,  and  K.I.  Ivanov  and  other 


sources,  the  viscosities  of  cracking  mazouts  and  paraffinic  straight- 


run  mazouts  are  not  constant  and  depend  on  prior  heat  treatment  and  the 

* 

degree  to  which  structure  has  been  disturbed. 


Bxperlmenta  to  dottrmint  th«  Influtnot  of  boat  troatment  (at 
temperatures  from  +20  to  +150°)  on  the  viscosity  properties  of  sul¬ 
furous  mazouts  have  shown  that  the  viscosities  of  mazouts  vary  dif¬ 
ferently  as  functions  of  prior  heating  temperature.  The  viscosities 
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Pig.  173.  Pumpabil- 
ity  of  mazouts  as  a 
function  of  tempera¬ 
ture,  as  determined 
on  laboratory  appa¬ 
ratus.  1)  Straight- 
run  F-12  mazout 
(VU5Q  =  11.4);  2) 

straight-run  sulfur- 
ous  PS- 5  mazout 
(VU5Q  =  4.48);  3) 

P-12  sulfurous 
cracking  mazout 
(VU^Q  =  12) .  A)  out¬ 
put,  g/min:  B)  tem¬ 
perature,  °C. 


vary  most  sharply  with  heating  temperatures 
from  70  to  100®;  further  Increases  in  the 
heat-treatment  temperature  above  100®  show  no 
noticeable  Influence  on  the  viscosity  varia¬ 
tion,  Preliminary  heat  treatment  lowers  the 
temperature  at  which  a  distinctly  manifest 
structure  appears  in  the  mazout  by  almost  20® 

[9]. 

The  influence  of  heat  treatment  on  the 
viscosity  of  a  sulfurous  cracking  mazout  at 
a  temperature  of  100®  for  30  minutes  is  shown 
in  Table  I32 . 

It  will  he 'seen  from  Table  132  that  pre¬ 
liminary  heat  treatment  reduces  the  viscosity 
of  the  mazout  sharply  in  the  initial  period. 
The  viscosity  drop  is  associated  primarily 
with  melting  of  solid  paraffins  and  ceresin. 


TABLE  132 

Influence  of  Heat  Treatment  on  Viscosity  Pro¬ 
perties  of  Cracking  Mazout  With  VU^q  =  11.84 
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treatment;  5)  one  day  after  heat  treatment;  6) 

22  days  after  heat  treatment, 

and  is  the  greater  the  higher  the  treatment  temperature.  The  vjscoslty 
of  the  mazout  rose  durlr»g  subsequent  stoi’age  and  had  been  completely 


restored  after  several  days.  In  this  case,  distinctly  expressed  thixo¬ 
tropic  properties  appear  In  the  paraffinic  mazouts. 

Knowledge  of  the  viscosity-temperature  properties  of  the  mazouts 
and  the  effect  of  heat  treatment  on  them  enables  us  to  apply  technical 
skill  to  solution  of  problems  related  to  the  transfer,  storage  and 
preheating  of  mazouts  under  operational  conditions. 

Mazouts  stored  for  the  winter  In  railroad 
tank  cars  at  oil  dumps  may  assume  the  tempera¬ 
ture  of  the  outside  air.  Observations  made  by 
Ye.K.  Smirnov  [10]  on  the  temperature  drop 
In  mazouts  40  and  dO  In  winter  shipment  In 
four— axle  railroad  tank  cars  tht'  had  been 

A 

loaded  at  temperatures  of  +60  and  +70  showed 
that  after  110  hours  en  route,  the  temperature 
of  both  mazout  grades  was  -10°,  while  after 
230  hours  It  had  become  equal  to  the  tempera¬ 
ture  of  the  outside  air  (-15*^) .  At  such  low 
temperatures,  the  viscosities  of  mazouts  reach 
rather  high  values  (see  Table  131)  and  drain¬ 
age  of  the  mazouts  from  the  tanks  can  be  effected  only  after  preheat¬ 
ing. 

The  heating  temperatures  recommended  by  O.M.  Grigoryan  [6]  for 
mazouts  to  provide  for  drainage  from  railroad  tank  cars  unfortunately 
do  not  take  Into  account  the  influence  of  the  heating  temperature  on 
the  viscosity  properties  and  pour  points  of  the  mazouts.  To  facilitate 
all  subsequent  cperttione  performed  in  etorege  with  the  mesouts,  it  lo 
necessary  to  heat  them  to  70-Q0°.  At  these  temperatures,  the  influence 
of  prevlouc  heat  treatment  Is  nullified  and  the  viscosity- temperatuj'e 
properties  of  the  mazouts  are  Improved.  In  view  of  the  fact  that  the 


Fig.  174.  Viscosity 
characteristic  of 
watered  fuel.  1)  Dry 
boiler  fuel;  2) 
boiler  fuel  with 
water  content.  A) 
Conventional  viscos¬ 
ity,  degrees;  B) 
t eiiipera ture ,  . 


TABLE  133 

Viscosities  of  Dry  Watered  Mazouts  at  Various 
Temperatures 
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1)  Mazout;  2)  water  content,  3)  viscosity 
(in  °VU)  at;  4)  P-12  sulfurous  cracking  mazout, 
specimen  1;  5)  P-12  sulfurous  cracking  mazout, 
specimen  2;  6}  sulfurous  cracking  mazout  20; 

7)  sulfurous  straight-run  mazout  40;  8)  low- 
sulfur  straight-run  mazout  40;  9)  dx^-watered 
5. 

5  oil  heaters  used  to  preheat*  the  mazout 

|*/j - - —  in  draining  it  from  the  tank  cars  are 

not  capable  of  delivering  such  high 

^ - 

temperatures  quickly,  it  is  advisable 
_ _ _ L _ _  to  accomplish  this  preheating  in  a  neu- 

ciMkili'reaidCe'aa  ’'‘’®  ''isoosltles  of  nasouta  vary  aa 

functlona  of  tholr  vatar  content.  Water- 
B)  preasure,  atmospheres.  virtually  no  In- 

fluence  on  viscosity,  cotitaining  up  to  5^  of  water  show  a  vis¬ 

cosity  increase  particularly  shai^iy  at  temperatures  of  30®  and  below 
(Table  133) .  The  viscosities  of  cracking  mazouts  Inorease  to  greater 
degrees  on  waterit^  than  do  those  of  straight-run  mazouts.  The  greater 
the  water  content  in  the  mazouts,  the  moi’e  significant  is  the  viscosity 
increase.  Figure  17^  pj’esents  viscosity- temperature  curves  for  dry 
crackiiig  mazouts  and  cracking  mazouts  containing  up  to  15^  of  water 


Fig.  175*  Viscosity  of 
crackit^  residue  as  a 
function  of  pressure.  A) 
Viscosity,  centi|>oises; 

B)  pressure,  atmospheres. 


[11].  In  this  case,  the  viscosity  of  the  watered  mazout  had  Increased 
by  a  factor  of  approximately  6  even  at  50^.  As  the  temperature  drops, 
the  difference  between  the  viscosities  of  dry  and  watered  mazout  be¬ 
comes  even  more  striking. 

The  viscosity  of  a  petroleum  product  also  depends  on  the  pressure 
to  which  it  is  subject.  Viscosity  rises  with  Increasing  pressure.  At 
very  high  pressures,  the  viscosity  may  Increase  quite  significantly. 

Z.I.  Geller  [12]  studied  the  influence  of  pressure  on  the  vis¬ 
cosity  of  cracking  residues  in  the  pressure  range  from  1  to  20  atmos¬ 
pheres  at  temperatures  from  104  to  151°  and  in  the  pressure  interval 
from  1  to  150  atmospheres  at  a  temperature  of  175°  (Pig.  175). 

The  data  obta3jied_ln^cated .that  at  pressures  from  15-20  atmos¬ 
pheres,  whloh  are  normally  used  in  steam-boiler  fireboxes  for  mechani¬ 
cal  atomization  of  the  fuel,  the  viscosities  of  cracking  residues  in¬ 
crease  by  2. 5-3. 5^  as  compared  with  the  viscosity  at  atmospheric 
pressure . 

In  analyzing  the  atomization  process  and  in  calculations  for  the 
design  of  heat-exchange  apparatus,  this  viscosity  Increase  may  be 
omitted  from  consideration,  since  the  absolute  viscosity  of  mazout 
changes  only  insignificantly  at  high  temperatures. 

Surface  Tension 

Like  viscosity,  surface  tension  exerts  considerable  influence  on 
atomization  quality  and  the  completeness  of  combustion  of  liquid 

p 

boiler  fuels.  The  surface  tension  Is  the  force  (ergs/cm  or  dynes/cw) 
with  which  a  liquid  resists  an  increase  In  surface  area.  The  higher 
the  surface  tension,  the  larger  the  size  of  the  fuel  droplet  sprayed 
from  the  nozzle,  the  more  difficult  does  it  become  to  achieve  fine 
atomization  and  good  mixing  of  the  fuel  with  air,  and  the  poorer  the 
combustion  of  the  fuel.  The  incompleteness  of  combustion  that  is  ob- 


served  results  in  smoking,  formation  of  carbon  black,  and  deposition 
of  coke  on  the  waterheatlng  tubing  of  the  boiler,  so  that  the  efficien¬ 
cy  of  the  installation  declines  and  fuel  consumption  increases. 


Fig.  176.  Curves  showing  surface 
tension  of  mazouts  as  a  function 
of  temperature.  1)  Sulfurous 
firebox  (cracking)  mazout,  VU^q  = 

=  60;  2)  same,  VU^q  =  20;  3)  same, 

VU^Q  =  l4.1j  4)  sulfurous  fleet 

(cracking)  mazout,  VU^q  =  12.0; 

5)  same,  VU  =  11.4;  6)  straight- 

run  sulfurous  fleet  mazout,  VU^q  = 

=  4.38;  7)  same,  VU^q  =  4.48;  8) 

low- sulfur  fleet  mazout,  VUcq  =  12. 

A)  Surface  tension,  ergs/cm^;  B)  . 
temperature,  °C. 

Surface  tension  depends  on  a  number  of  factors,  roost  important 
among  which  are  the  temperature  and  nature  of  the  liquid  and  of  the. 
phases  in  cont  ct  with  it.  For  liquid  boiler  fuels,  surface  tension 
is  a  linear  function  that  diminishes  with  increasing  temperature.  The 
surface  tension  of  mazouts  diminishes  much  more  slowly  with  increasing 
temperature  than  does  their  viscosity  for  the  same  temperature  increase. 
Normally,  viscous  mazouts  possess  higher  surface  tensions  (Pig,  176) 
than  low- viscosity  mazouts.  This  difference  is  small  and  not  as  strik¬ 
ing  as  might  be  expected  on  the  basis  of  the  mazout  viscosities.  Com¬ 
parison  of  two  mazout  grades,  a  viscous  grade  with  VU^q  = 
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20  and  a 


low-viscosity  grade  with  VU^q  =  4,38,  indicates  that  while  the  50*^ 
viscosity  of  one  mazout  exceeds  that  of  the  other  by  a  factor  of  5» 
the  surface-tension  difference  between  these  mazouts  is  no  greater 
than  9/^.  According  to  Z.I.  Geller  [12],  the  surface  tension  of  high- 
vlscoslty  cracking  residues  diminishes  by  4-4.55^  as  the  temperature  Is 
raised  from  90®  to  120®,  while  their  viscosities  decline  by  a  factor 
of  3-5 •  There  is  no  single- valued  relationship  between  viscosity  and 
surface  tension,  and  sometimes  a  lower- viscosity  mazout  has  a  higher 
surface  tension  than  a  mazout  with  higher  viscosity.  This  indicates 
that  the  surface  tension  of  boiler  fuels  also  depends  on  their  chemi¬ 
cal  composition,  i.e.,  on  the  presence  of  polar  compounds  (oxygen, 

sulfur  and  nitrogen  compounds) , . 

Pour  Point ■ 

The  pour  point  of  liquid  boiler  fuels  is  usually  taken  as  the 
basic  parameter  indicating  the  lowest  temperature  at  which  mobility 
of  the  fuel  is  ensured  together  with  the  possibility  of  draining  and 
transferring  it  without  previous  warming. 

The  pour  points  of  mazouts  depend  on  the  chemical  nature  of  the 
raw  material,  the  extent  to  which  the  light  fractions  have  been  ex¬ 
tracted  from  the  raw  material,  and  the  production  method  (straight 
distillation  or  cracking) .  The  pour  points  of  straight-run  mazouts 
produced  from  paraffinic  petroleums  are  usually  much  higher  than  those 
of  mazouts  produced  from  naphthenoaromatlc  petroleums.  Increasing  the 
"depth”  to  which  the  raw  material  is  refined  and  the  viscosities  of 
the  mazouts  has  the  effect  of  raising  their  pour  points. 

It  is  neoeasary  to  note  that  the  pour  points  of  mazouts  as  de¬ 
termined  by  the  standard  method  give  only  a  relative  conception  of 
Uhls  characteristic  of  the  fuel  and  may  differ  sharply  from  the  actual 
pour  point  of  the  product  under  operational  conditions.  This  is  ac- 


counted  for  by  the  fact  that  the  pour  points  of  mazouts  depend  to  a 
considerable  degree  on  heat- treatment  conditions,  i.e.,  on  the  heating 
temperature,  the  duration  of  heating,  and  cooling  rate. 

It  has  long  been  known  that  the  pour  point  of  a  mazout  depends  on 
the  extent  of  previous  heating,  although  the  laws  involved  in  this 
phenomenon  have  not  been  exhaustively  studied.  Heat  treatment  has  a 
sharp  effect  on  the  temperature  at  which  the  mazout  loses  mobility 
(solidifies) . 

Depending  on  the  previous  heating  temperature  of  a  mazout,  it  may 
lose  mobility  at  both  high  and  low  temperatures,  i.e.,  it  may  have 
both  maximum  and  minimum  pour  points. 

Maximum  pour  points  may  be  reached  in  various  grades  of  mazouts 
with  prior  heating  temperatures  from  30  to  70°,  depending  on  chemical 
composition  and  production  process.  (Only  the  standard  method  of  de¬ 
termining  the  pour  points  of  mazouts  provides  for  preliminary  heating 
to  50°. )  --  . 

Paraffinic  mazouts  are  characterized  by  a  maximum  increase  in 
pour  point  after  heating  to  60-70°.  In  cracking  mazouts,  it  appears 
at  lower  treatment  temperatures  (20-30°). 

Increasing  the  treatment  temperature  of  paraffinic  and  cracking 
mazouts  lowers  the  pour  point.  The  minimum  pour  point  can  be  produced 
by  heating  the  mazouts  to  80-100°. 

Fleet  mazouts,  and  particularly  those  produced  from  sulfur-bearing 
petroleums,  are  also  liable  to  the  influence  of  prior  heat  treatment. 
Low- sulfur  mazouts  have  maximum  pour  points  whose  values  are  usually 
negative  after  heat  treatment  at  50-60°.  Their  minimum  pour  points 
occur  after  heating  to  70-90°.  Heat  treatment  has  no  influence  on 
fleet  mazouts  with  pour  points  of  -28°  and  lower  (defined  in  accord¬ 
ance  with  GOST) .  The  straight-run  sulfurous  fleet  mazout  PS-5  usually 
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has  Its  maximum  pour  point  after  heating 
to  40-50®,  and  the  corresponding  figures 
for  sulfurous  cracking  mazout  are  20-30°. 
With  rising  heating  temperature,  the  pour 
points  of  cracking  mazout s  drop  off  quite 
consistently  and  reach  their  minimal 
values  after  heating  to  90-100°  (Fig.  177)* 


Pig.  177.  Pour  point  of 
mazouts  as  a  function 
of  prior  heating  tem¬ 
perature.  1)  Low- sulfur 
mazout,  VUcQ  =  12' (pour 

point  —19°);  2)  sulfur¬ 
ous  cracking  mazout, 

VUcQ  =  12  (pour  point 

+3°);  3)  straight-run 
sulfurous  mazout, 

VUcQ  =4.38  (pour  point 

-l4  );  4)  sulfurous 
cracking  mazout,  VU^q  = 

=  12.8  (pour  point  +5°)~.- 
A)  Pour  point,  °C,‘  B) 
heat- treatment  tempera¬ 
ture,  °C. 


Raising  the  heating  temperature  of  the 
mazouts  further  to  130-150°  has  no  influ¬ 
ence  on-'pcur  point.  The  duration  of  heat 
treatment  also  has  a  noticeable  influence 
on  pour  point . 

As  shown  by  the  data  listed  in  Table 
134,  increasing  the  preliminary  heating 
time  results  for  a  number  of  mazouts  in 
a  sharp  drop  in  pour  point. 

The  above  effects  in  which  the  pour 


points  of  mazouts  depend  on  heat  treatment  are  associated  with  the 
presence  in  the  mazouts  of  solid  hydrocarbons  with  various  melting 
points  and  tarry  [gummy]  substances. 

If  the  prior-heating  temperature  of  mazouts  has  been  lower  than 
the  melting  point  of  the  highest-melting  paraffins,  the  crystals  of 
these  paraffins  become  crystallization  centers  during  subsequent  cool¬ 
ing  and  sharply  accelerate  the  formation  of  structure,  with  solidifi¬ 


cation  as  a  result. 

When  mazouts  are  heated  to  90-100°,  all  solid  paraffins  are  com¬ 
pletely  melted,  and  this  inhibits  subsequent  structure  formation;  the 
pour  point  is  found  to  be  much  lower.  Increasing  the  heating  time  en¬ 
sures  more  thorough  melting  of  solid  components. 
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TABLE  134 

Influence  of  Duration  of  Heat  Treatment  at  70 
on  Pour  Point 


TeMneparypa  aa- 
cTuoaintfl  npn 
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CepnitcTufi  KpeKnur-uaayr  12 
To  we . .  .  .  , 


7  CcpiincTHfi  KpeKnnr-Maayr  20 

8  MaflocepnncTua  Maayt  12  .  . 

5  To  we . 

»  . . 


-6  —14  -20 

-9  -12  -25 

-5  -9  -23 

+4  -1  -8 

.-18  -20  -26 

-20  -28  -30 

-19  -22  -26 

-30  -30  -30  . 
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Pig.  178.  Change  in 
pour  points  of  mazouts 
over  time.  1)  Sulfur- 
ous  cracking  mazout 
treated  at  70°  for  30 
min;  2)  same,  for  2 
hours;  3)  low- sulfur 
P-12  mazout  treated 
for  2  hours  at  70°.  A) 
Pour  point,  °C;  B) 
holding  time,  days. 


1)  Mazout;  2)  GOST  pour  point,  °^C;  3)  pour 
point  after  heat  treatment  for;  4)  hours;  5) 
sulfurous  cracking  mazout  12;  6)  same;  7)  sul- 
furous  cracking  mazout  20;  8)  low- sulfur 
mazout  12. 

The  processes  described  are  compli¬ 
cated  by  adsorption  of  tarry  asphaltic  sub¬ 
stances  onto  the  paraffin;  these  inhibit 
the  formation  of  large  paraffin  crystals. 

Like  its  viscosity,  the  pour  point  of 
a  mazout  after  heat  treatment  (70-100°)  is 
,  not  stable,  and  the  mazout  recovers  its 

)epmHu,c<jmKU 

„  original  pour  point  during  subsequent  stor- 
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Plgure  178  shows  how  restoration  of  the 
pour  points  progresses  during  time  for 
mazouts  that  have  been  subjected  to  heating 
to  70°  and  100°.  Full  restoration  takes 
place  after  3-5  days.  The  rate  of  recovery 


depends  on  the  proportions  and  interaction  of  solid  paraffins  and 
gummy  substances,  whose  adsorption  processes  are  quite  diversified 


and  depend  in  many  respects  on  storage  conditions  and  the  rate  of 


cooling  of  the  mazout  after  previous  heating. 

For  a  given  pour  point  in. a  mazout,  the  cooling  rate  after  heating 
is  also  of  importance.  The  pour  point  is  found  to  he  much  higher  after 
rapid  cooling  than  after  slow  cooling. 

Problems  of  pour-point  constancy  in  mazouts  are  of  very  great 
operational  Importance,  since  the  pour  point  may  be  changed  as  a  result 
of  heating  of  the  mazout  for  drainage  or  pump  transfer.  Consequently, 
pour-point  data  must  be  approached  with  caution,  since  the  possibility 
of  obtaining  disagreeing  values  in  determining  the  pour  point  for  a 
given  mazout  specimen  is  not  excluded",  and  this  is  an  important  con¬ 
cern  for  the  supplier  and  user. 

Despite  all  the  above  reservations,  the  pour  point  is  an  important 
technical  constant  of  a  boiler  fuel  for  a  given  set  of  conditions.  The 
method  of  heating  the  tanks  and  mazout  pipelines,  the  method  of  ship¬ 
ping  and  draining  the  fuel_,  ^d  other  procedures  are  selected  in  ac¬ 
cordance  with  pour  point.  It  must  be  remembered,  however,  that  the 
viscosity  value  at  low  temperature  provides  a  much  more  complete 
characterization  of  the  fuel's  behavior  than  does  the  pour  point. 

The  pour  points  of  fuels  must  be  determined  after  dehydration, 
since  the  presence  of  water  —  particularly  in  the  case  of  low-vlscos- 
Ity  mazouts  —  affects  the  correctness  of  the  determination.  This  will 
be  seen  from  the  following  figures. 
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Flash  Point 

Flash  point  is  an  index  for  liquid  boiler  fuels  that  enables  us 
to  draw  inferences  as  to  the  fire  hazard.  This  index  acquires  par- 


ticular  importance  for  fuels  used  In  marine  installations,  where  they 
are  stored  in  proximity  to  crew’s  quarters  and  the  boiler  installations. 
Consequently,  the  flash  point  is  determined  in  a  sealed  instrument  for 
fleet  mazouts,  which  are  basically  intended  for  marine  installations, 
and  is  set  at  8o°  for  PS- 5  and  90°  for  P-12  and  F-20. 

The  flash  point  obtained  from  closed- Instrument  determinations  is 
us'ually  30-40°  lower  than  tha1r~obtained  in  an  open  instrument,  since  in 
the  former  case  combustible  vapors  accumulate  in  the  crucible. 

.  Cracking  mazouts,  and  low- viscosity  cracking  mazouts  in  particu¬ 
lar,  are  frequently  characterized  by  lower  flash  points  (closed- 
crucible  determination)  because  of  their  content  of  volatile  composi¬ 
tion  products,  which  disperse  in  an  open  instrument  before  there  is 
enough  of  them  accumulated  for  ignition,  so  that  the  difference  in 
the  determinations  may  be  as  high  as  70°. 

In  shipping  and  storage,  the  flash  points  of  cracking  mazouts 
normally  rise  considerably. 

For  the  firebox  mazouts  used  in  stationary  boiler  installations, 
flash  points  up  to  l40°  are  tolerated,  depending  on  the  fuel  grade, 
and  are  determined  in  the  open  instrument. 

It  has  been  established  by  N.I.  Chernozhukov  and  A.M.  Guttsayt 
that  the  flash  points  of  mazouts  are  usually  somewhat  lower  under  con¬ 
ditions  of  tank  storage  than  those  determined  by  the  standard  method 
and  depend  on  the  tank  capacity  and  the  extent  to  which  it  is  filled. 

For  this  reason,  it  is  recommended  that  the  mazouts  be  heated  to  10- 
20°  below  the  flash  point  when  they  are  warmed  up  In  open  (unpressur- 
Ized)  tanks.  In  closed  spaces  that  are  under  pressure  (oil  preheaters, 
coils,  tubing),  a  mazout  may  be  heated  up  above  the  flash  point. 

The  mazout  must  first  be  dehydrated  for  a  flash-point  determina¬ 
tion,  since  even  a  minor  quantity  of  water  present  in  the  fuel  de- 
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presses  the  actual  flash-point  value  noticeably?  with  large  water 
contents,  the  entire  mass  of  raazout  is  ejected. 

Tarry  Substances 

The  tarry  substances  present  in"^ boiler  fuels  are  quite  detrimental 
to  their  properties  and  complicate  the  conditions  of  operation  with 
them.  The  presence  of  tarry  substances  in  mazouts  is  associated  with 
a  loss  in  their  stability,  disturbance  of  the  combustion  process,  and 
the  formation  of  water-and-mazout  emulsions.  Unfortunately,  the  con¬ 
tent  of  tarry  subs.t.aaces.-ln -boiler  fuels  is  to  this  day  regulated  only 
for  fleet  mazouts  and  is  determined  by  the  asphalt  tars.  However,  the 
asphalt  tars  are  a  poor  characteristic  for  the  actual  tar  content  in 
the  fuels  and  do  not  indicate  the  type  of  tarry  substances  present. 

This  last  piece  of  information  is  particularly  necessary,  since  the 
tars,  asphaltenes  and  carbenes  present  in  the  mazouts  with  carboids 
(Table  135)  influence  their  properties  in  different  ways.  With  know¬ 
ledge  of  the  "itemized"  content  of  tarry  substances,  we  may  evaluate 
the  behavior  of  mazouts  under  operational  conditions  in  advance. 

It  is  convenient  to  use  the  cokabillty  index  of  mazouts  to  ob¬ 
tain  some  preliminary  evaluation  of  boiler  fuels  as  regards  the  re¬ 
liability  with  which  the  firing  process  can  be  conducted,  as  well  as 
the  stability  of  the  fuels  in  storage.  This  quantity  characterizes 
the  total  content  of  tarry  substances  to  a  much  greater  degrpe  than  do 
the  asphalt  tars.  The  cokabillty  may  also  be  used  for  tentative  Judg¬ 
ments  as  to  the  fuel's  content  of  asphaltenes,  which  have  the  most 
severely  detrimental  Influence  on  the  properties  of  the  fuels;  the 
greater  the  asphaltene  content,  the  higher  the  cokabillty.  Cracking 
mazouts  are  distinguished  from  straight-run  mazouts  by  having  higher 
asphaltene  contents,  as  well  as  higher  contents  of  carbenes  and  car¬ 
boids.  The  content  may  run  as  high  as  14-155^  in  heavy,  hlgh-vlscojJ 


cracking  mazouts. 


TABLE  135 

Content  of  Tarry  Substances  in  Mazouts 
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1)  Mazoutj  2)  tars,  3)  asphaltenes,  4) 
carbenes  and  carbolds,  5)  asphalt  tars, 

6)  cokability,  7)  cracking  mazout  12  (sul- 
furous) 5  8)  cracking  mazout  40;  9)  sulfurous 
straight-run  PS-5  mazout;  10)  low-sulfur 
straight-run  P-12  mazout;  11)  cracking  residue 
(mazout  200)  [12], 

Fuels  with  high  tarry- substance  contents  are  usually  unstable 
and  incompatible.  During  storage  and  on  heating,  an  unstable  fuel  may 
also  form  and  precipitate  tarry  deposits,  which  may  contain  mechani¬ 
cal  impurities  and  water,  entrained  oil  and  solid  paraffins . 

The  instability  of  boiler  fuels  is  accounted  for.  by  a  number  of 
causes;  the  presence  of  asphaltenes-in  the  fuel  in  a  colloidal  dis¬ 
persed  state  from  which  they  may  coagulate;  by  the  formation  of  large 
tarry  particles  as  a  result  of  chemical  changes  (oxidation  and  poly¬ 
merization)  of  the  tars  and  asphaltenes  during  storage  and  heating, 
which  promotes  formation  of  the  precipitate;  by  the  discrepancy  be¬ 
tween  the  densities  of  the  fuel  and  the  tarry  substances  (asphaltenes 
1.07-1.10,  carbolds  1.27-1.30),  particularly  on  heating,  when  the 
viscosity  of  the  fuel  drops  simultaneously,  thus  accelerating  the 
settling  of  solid  particles. 

Furthermore,  solid  carbon-bearing  particles  (carbenes  and  car¬ 
bolds)  which  settle  rapidly  into  the  precipitate,  act  simultaneously 


as  centers  for  coagulation  of  the  asphaltenes  and  accelerate  their 
precipitation. 

During  storage  of  boiler  fuels  and  the  periodic  warming  to  which 
they  are  subjected,  tarry  deposits  settle  out  rapidly.  According  to 
M.F.  Nagiyev  [12],  23. 6$^  of  the  carbenes  and  carbolds  precipitate  In 
5  hours  at  a  temperature  of  120°,  and  as  much  as  97$^  in  22  hours  at 
250°. 

When  mazout  100  Is  stored  for  90  hours  with  periodic  warming  In 
the  80-85°  range,  the  quantity  of  solid  Impurities  near  the  bottom 
and  on  the  heating  colls  Is  doubled  [14]. 

Deposits  may  also  settle  out  of  boiler  fuels  on  dilution  of  heavy 
fuels  with  light  fuels,  or  on  addition  of  heavy  fuels  with  higher 
tarry- substance  contents  to  a  light -fuel.  In  this  case,  we  speak  of 
Incompatibility  of  the  fuels  [15»  I6]. 

„  300i - - - -  Practical  experience  with  boiler  fuels 

?  , _ 

f  ~,~r~  *^^3  shown  that  stable  boiler  fuels  are 

i  200 - C — 

i _ 2  \  usually  compatible.  However,  more  preclpl- 

4 

A.  tate  frequently  forms  In  mixtures  of  hlgh- 

'QrofuiulloF  ^Toiviu9»C~  " 

006z«¥HtHl  eoemat^%  vlscoslty  fuels  during  storage  than  would 

Pig.  179.  IncompatlbU-  ‘’®  e*P®'ted  on  the  basis  of  the  stabilities 
fuLformUl^.'’lf  aL  *^'’®  Ih^vldual  fuels.  Figure  179  shows 

eHau!*A)®Lposlt3?*'’  '=*'®  stability  of  «  ">lxtu«  of  two  boiler 

Si!i  brioiSL!”!""  ^“®^® 

used  In  the  mixture  gives  250  mg  of  de¬ 


posit,  while  the  other  produces  little  more  than  100  mg.  When  they 
are  mixed  In  various  proportions,  the  amount  of  sediment  formed  lo 
larger  than  would  be  expected. 

Fuel  Incompatibility  Is  of  particular  importance  for  seagoing 


vessels  because  of  the  possibility  that  they  may  be  fueled  with  dlf- 


ferent  fuels  at  their  numerous  ports  of  call.  These  fuels  may  differ 
from  one  another  over  a  very  wide  range  of  chemical  composition,  so 
that  cases  in  which  significant  quantities  of  sediment  are  formed  on 
mixing  become  possible. 

Sediments  that  have  formed  reduce  the  useful  space  inside  tanks 
and  bunkers,  reduce  the  efficiency  of  heat  transfer  across  the  heating 
surfaces  of  steam  preheaters,  and  clog  fuel  filters,  mazout  lines,  and 
oil  preheaters.  All  this  affects  normal  operation  with  them. 

Secondary  natural  dispersion  of  sediments  that  have  formed  from 
boiler  fuels  does  not  take  place,  and  this  process  can  hardly  even 
be  conducted  artificially. 

Propeller- type  agitators  are  installed  abroad  at  tank  bottoms  to 
prevent  sedimentation;  during  operation,  these  hold  the  asphaltene- 
carboid  admixtures  present  in  the  fuel  in  a  suspended  state.  The  pro¬ 
posed  circulation-heating  method  for  fuels  used  on  seagoing  vessels 
also  has  the  same  objective  in  view  [l4]. 

The  most  expedient  method,  and  the  one  most  worthy  of  its  name, 
is  that  of  raising  the  stability  and  compatibility  of  fuels  by  intro¬ 
duction  of  additives.  The  polymer  dispersing  additives  used  for  this 
purpose  not  only  inhibit  the  growth  of  tar  particles  and  prevent 
their  sedimentation,  but  also  disperse  and  eliminate  sediment  that 
has  already  formed. 

The  additives  also  improve  the  firing  process.  The  presence  of 
tarry  substances  in  the  mazout  and  fornatlon  of  sediment  result  in 
their  accumulation  in  the  form  of  a  solid  scale  at  the  Injector 
nozzle,  and  the  channels  in  the  core  may  become  clogged  so  that  the 
feed  of  mazout  is  completely  cut  off.  Intensified  sparking  is  also 
noted  simultaneously  with  combustion  of  fuels  having  high  tar  con¬ 
tents  . 
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The  detergent  additive  Introduced  into  the  fuel  prevents  fouling 
of  the  nozzles,  reduces  sparking  and  allows  the  fuel  to  burn  more  com> 
pletely.  In  the  Soviet  Union,  tests  of  the  vnll  np-102  additive,  which 
Is  of  this  type,  have  given  positive  results. 

Water  in  Fuel 

Water  present  in  a  boiler  fuel  lowers  its  heat  of  combustion.  In¬ 
creases  the  consumption  of  fuel  and  reduces  the  efficiency  of  the 
boiler  Installation,  In  addition,  this  water  activates  the  accumulation 
of  sediment  on  the  bottoms  of  fuel  tanks  and  upsets  the  combustion 
regime  of  the  fuel.  Nonuniform  distribution  of  water  in  the  mass  of 
the  fuel  (in  layers  or  In  Isolated  pockets)  may  extinguish  nozzles 
and  even  result  In  explosions  in  the  firebox,  thus  putting  the  boiler 
out  of  operation. 

Moisture  In  mazouts  —  and  sulfurous  mazouts  in  particular  —  con¬ 
tributes  to  accelerated  corrosion  of  tanks,  pipelines,  pumps  and  the 
like  and  intensifies  corrosion  of  the  boiler's  heatfYig  surface  by  the 
smoke  gases  due  to  the  increase  in  their  moisture  content. 

In  naval  vessels,  watering  of  tue  mazouts  also  ’^esults  in  a  drop 
in  the  cargo-carrying  Capacity  and  range  of  the  vessels.  Cases  of 
rupture  of  double-bottom  tanks  when  watered  maze  ^ts  are  heated  are 
possible  as  a  result  of  their  violent  bumping. 

In  the  metallurgical  industry,  a  water  content  in  the  mazouts 
reduces  the  skimming  of  steel  and  prolongs  the  smelting  cycle.  For 
this  I’eason,  the  techiilcal  specif ication^  limit  the  admissible  water 
content  in  fleet  mazouts  to  156,  and  that  in  firebox  mazouts  to 
The  petroleum  refineries  produce  mazouts  that  satisfy  these  epeclfi- 
catlons  and  contain  no  more  than  1-2J5  of  water.  In  practice,  however, 
the  .mazouts  are  frequently  delivered  i"  3  the  nozzles  of  boiler  instal- 
latloiis  with  higher  water  contents.  The  basic  cause  of  taazout  water.* ns; 
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vigorously,  agitated  (in  storage  reservoirs,  during  transfers,  and  in 
ship  tanks  during  heavy  seas) ,  On  mixing  with  water,  low-viscosity 
mazouts  form  water-mazout  emulsions  much  more  rapidly  than  high-vis¬ 
cosity  mazouts,  although  the  emulsions  formed  in  either  case  are 
usually  easily  broken  up  by  heating  and  allowing  to  settle. 

The  emulsions  obtained  when  mazouts  are  heated  with  live  steam 
are  distinguished  by  higher  stability  than  the  emulsions  formed  by 
mixing  water  and  mazout.  This  is  accounted  for  by  the  higher  degree  of 
dispersion  due  to  the  excellent  contact  between  the  water  and  mazout. 
In  this  case,  the  stability  of  the  emulsions  depends  on  the  quantity 
and  effectiveness  of  the  emulsion  stabilizers  present  in  the  mazouts. 
It  was  established  by  B.V.  Losikov  and  the  author  [93  that  the  sta- 
billzers  of  water-mazout  emulsions  are  usually  asphaltenes  and,  some¬ 
times,  gums.  The  Influence  of  asphaltenes  on  the  stability  of  water- 
mazout  emulsions  may  be  seen  from  Table  136.  A  cracking  mazout  con¬ 
taining  4.3^  of  asphaltenes  and  watered  to  15^  by  live  steam  forma  a 
stable  emulsion  that  does  not  separate  on  prolonged  standing  and  heat¬ 
ing  to  70°. 

After  removal  of  the  asphaltenes,  the  mazout  no  longer  forms  a 
stable  emulsion  and  separates  completely  from  the  water.  On  introduc¬ 
tion  of  asphaltenes  extracted  from  cracking  mazout  Into  a  low- sulfur  . 
mazout,  the  latoer  forms  an  emulsion  that  yields  nothing  to  the 
emulsion  of  sulfurous  cracking  mazout  as  regards  stability.  The  sta¬ 
bilizing  action  of  asphaltenes  on  water-mazout  emulsions  Is  accounted 
for  by  the  fact  that  the  asphaltenes,  which  are  present  In  a  colloid¬ 
ally  dissolved  state  in  mazouts  and  possess  differing  wettabilities 
by  water  and  hydrocarbons,  are  readily  adsorbed  on  the  water-mazout 
interface  and  form  dense  armoring  films  that  prevent  Individual 
drops  of  water  from  fusing  into  larger  drops;  as  a  result,  settling  .  : 
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the  water  from  the  mazout  emulsion  is  inhibited  and  the  stability  of 
the  emulsion  is  raised. 

TABLE  136 

Influence  of  Asphaltenes  on  the  Stability  of 
Water-Mazout  Emulsions 


1  Maayru 

BuAMnaocb  boau  nocjie 

0  Zi  «iae.  OTCTOfl  npR  70*, 

% 

1 
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1)  Mazout j  2)  water  separated  after  24  hours  of 
standing  at  70°,  3)  sulfurous,  cracking, 

VU^Q  =  12;  4)  emulsion  does  not  separate;  5) 

low-sulfur,  straight-run,  VU^q  =12;  6)  sulfur¬ 
ous,  cracking,  without  asphaltenes;  7)  low-sul¬ 
fur,  without  asphaltenes;  8)  low-sulfur  plus 
sulfurous  asphaltenes. 

Despite  the  fact  that  the  sizes  of  the  water  globules  in  emulsions 
usually  vary  over  a  wide  range  —  from  those  that  are  barely  discernible 
under  the  microscope  to  large  Inclusions,  the  dispersion  of  the  water 
drops  is  considerably  greater  in  the  emulsions  of  sulfurous  mazouts, 
and  the  cracking  mazouts  in  particular,  than  in  low-sulfur  mazouts 
(Pig.  180),  and,  consequently,  the  stability  of  the  emulsions  will 
also  be  considerably  higher. 

Together  with  the  asphaltenes,  the  tars  also  function  as  stabil¬ 
izers  of  water-mazout  emulsions,  but  bo  a  considerably  lesser  degree. 
The  above  is  not  contradicted  by  the  data  of  B.P.  Tonkoshkurov  et  al. 
[20],  according  to  whom  the  formation  of  emulsions  in  petroleums  is 
associated  with  the  stabilizing  action  of  asphaltenes  and  tars. 

Consequently,  as  a  result  of  their  elevated  asphaltene  contents, 
sulfurous  mazouts  (see  Table  135)  form  the  most  stable  emulsions. 
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Pig.  .180.  Water-mazout  emulsions  formed  during 
heating  of  mazout  by  live  ate&.n2.  ij  Low- sulfur 
mazout,  straight  run,  VU^q  =  12}  2)  straight- 

run  sulfurous  mazout,  VU^q  =  4.38}  3)  sulfur- 

ous  cracking  mazout,  VU^q  =  12. 

which  are  difficult  to  separate  by  the  usual  standlng-and- heating  pro¬ 
cedure.  The  rate  of  separation  of  water  Is  considerably  lower  in  a 
sulfurous  straight-run  mazout  than  in  a  low-sulfur  product}  here,  the 
water  is  separated  in  small  quantities  from  the  water-mazout  emul¬ 
sions  and  the  water  that  has  not  separated  descends  from  the  top  of 
the  mazout  to  become  distributed  in  layers,  with  the  maximum  content 
in  the  lower  layer  (up  to  70^)  (93. 

In  sulfurous  oraoking  mazout s,  the  emulsion  remains  virtually 
undisturbed  and  theu£iat>er  does  not  settle  out.  High- viscosity  firebox 
mazouts  stand  free  of  Water  particularly  poorly.  The  factors  that 
complicate  det:aterlng  of  the  ciazout  in  this  case  are  the  high  vlscos- 


itles  of  the  mazouts  and  the  minor  difference  between  the  densities  L 

of  the  mazout  and  water. 

At  high  temperatures  (I10-l60°),  when  high-viscosity  mazouts  show  ; 

w 

minimal  and  practically  constant  viscosity,  settling  of  the  water  is 
prevented  by  the  very  small  difference  between  the  specific  gravities  r. 

of  the  water  and  the  mazout,  and  at  temperatures  below  100°  the  water  H 

does  not  separate  due  to  the  high  viscosity  of  the  mazouts  (Fig.  l8l).  >■ 

As  a  result,  the  settling  rate  of  water  droplets  from  firebox- mazout 
emulsions  is  not  the  same  for  different  grades,  and  at  a  given  tempera¬ 
ture  the  settling  rate  of  water  droplets  in  low-viscosity  mazouts  is  ^ 


considerably  higher  than  in  high- viscosity  products.  The  settling 
rate  of  the  water  changes  with  changing  temperature.  A  diagram  show¬ 
ing  the  settling  rate  of  water  droplets  with  d  =  0.09  mm  as  a  function 


of  density  and  temperature  for  mazouts  of  various  grades  is  given  in 


Fig.  181.  Density  as 
a  function  of  tempera¬ 
ture  for  water  and 
mazouts  of  various 
grades  [26].  1,  2,  3) 
Viscosity  curves  of 
grade  80,  60  and  40 
mazouts.  A)  Density; 

B)  water;  C)  tempera¬ 
ture,  °C;  D)  viscos¬ 
ity,  °VU. 


Pig,  182.  Rate  of 
settling  of  water 
droplets  with  d  = 

=  0.09  mm  as  a 
function  of  tem¬ 
perature  [26], 

The  figures  on  the 
curves  denote  the 
grades  of  mazout. 
1)  Settling  rate, 
ml/sec  i  2)  tempera' 
ture,  °C. 


It  has  been  established  that  the  most  effective  dewatering  of 
grades  40  and  60  firebox  mazouts  is  achieved  at  temperatures  of  110. 
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and  for  grades  80  and  100  at  210°.  Here,  the  water  must  be 
separated  at  high  pressures  (up  to  25  atmospheres  for  grade  lOP  mazout) 
[19].  . 

Special  and  expensive  equipment  that  Is  not  at  the  disposal  of 
many  storage  facilities  and  oil  dumps  Is  required  to  observe  this 
condition.  Consequently,  It  Is  necessary  to  take  all  measures  In 
shipping,  draining  and  using  mazouts  to  hold  watering  to  the  lowest 
possible  minimum. 

Many  methods  and  techniques  have  been  suggested  to  prevent  water¬ 
ing  of  mazouts  when  they  are  drained  from  railroad  tank  cars  during 
the  winter.  The  most  frequently  encountered  practical  approach  is 
preheating  of  the  mazouts._by._portable  coll  heaters.  However,  the  cum¬ 
bersomeness  and  great  weight  of  the  latter  make  It  difficult  to  use 
them,  since  Insertion  of  the  colls  in  the  railway  tank  cars  requires 
special  gantries  and  hoist  mechanisms.  The  basic  shortcoming  of  the 
portable  coll  elements,  however,  is  the  Inadequate  heating  efficiency, 

O 

which  results  from  the  low  heat-transfer  coefficient  (40-50  kcal/m  • 
•hour*°C  for  high- viscosity  petroleum  products  and  100-120  kcal/m^* 
•hour*°C  for  low- viscosity  products)  [22],  Increasing  the  heat-dlssi- 
pating  surface  simply  Increases  the  size  and  weight  of  the  preheater. 
For  example,  the  N548-51  heater  has  a  total  heating  surface  of  23.2 
m  and  weighs  228  kg  [23], 

Proposals  to  raise  the  heat-transfer  coefficient  by  replacing 
series  coils  by  colls  having  turns  operating  in  parallel,  which  would 
accelerate  drainage  by  a  factor  of  4  [21],  and  by  the  use  of  vibrat¬ 
ing  or,  more  precisely,  swinging  preheater  elements,  which  would 
raise  the  heat-transfer  coefficient  by  a  factor  of  20  (900  kcal/m  • 
•hour*°C)  have  not  come  Into  practical  use  as  yet. 

Tank  cars  are  equipped  with  steam  Jackets  for  most  efficient 
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drainage  of  mazout  (without  watering  and  without  layovers  for  the 
tank  cars) .  However,  the  number  of  specially  equipped  tank  cars  is 
thus  far  quite  small.  With  this  unloading  method,  the  mazout  itself  is 
not  actually  preheated;  only  a  surface  layer  of  it  is  liquefied.  Con¬ 
sequently,  drainage  of  a  viscous  mazout  Into  a  storage  tank  requires 
steam  jacketing  of  the  drainage  troughs  and  gutters  and  headers;  it 
is  also  necessary  to  have  the  headers  Inclined  slightly  toward  the 
receiving  reservoir.  The  presence  of -a  receiver  with  this  drainage 
method  is  absolutely  necessary,  since  the  mazout  is  warmed  in  it  for 
subsequent  pump  transfer  into  the  actual  storage  tank.  Installation 
of  the  auxiliary  equipment  is  impeding  and  delaying  the  introduction 
of  this  drainage  method. 

One  of  the  most  effective  countermeasures  against  water-mazout . 
emulsions  is  the  use  of  deemulsifiers.  The  deemulsifiers  Typol,  Calso- 
line  and  others  are  used  abroad  to  break  up  water-mazout  emulsions  [24]. 

This  method  is  well  known  ana  used  to  dewater  and  degum  sulfur- 
ous  petroleums  [25,  26]. 

It  was  noted  earlier  that  mazouts  form  hydrophobic  emulsions 
with  water.  Emulsions  of  this  type  can  be  broken  up  with  substances 
that  possess  distinct  hydrophilic  properties.  Reaching  the  water- 
mazout  interface,  these  substances  are  capable  of  lowering  surface 
tension  and  weakening  and  breaking  up  films  and  envelopes.  The  prin¬ 
ciple  on  which  they  work  in  breaking  up  emulsions  is  based  on  phase  in¬ 
version  . 

With  the  objective  of  finding  deemulsifiers  for  breaking  up  water 
emulsions  of  sulfurous  mazouts,  the  author  and  I.V.  Golovistikov  in¬ 
vestigated  a  number  of  products  possessing  hydrophilic  properties.  It 
was  established  that  the  most  active  deemulsifiers  were  the  substances 
given  the  names  OP-7  and  OP-10  (TU  3554-53)  and  sodium  salts  of  sulfoxy 
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acids  (alkaline  wastes  formed  In  acld-alkall  purification  of  oily 
petroleum  distillates  (TU  330-48), 

Table  137  lists  laboratory  data  on  the  descruccion  of  a  stable 
sulfurous  cracklng-mazout  emulsion  by  deemulslflers. ■ As  will  be  seen 
from  the  table,  the  Introduction  of  0.25JS  of  the  OP-7  deemulslfler 
Into  the  emulsion  makes  It  possible  to  eliminate  water  to  the  required 
GOST  standards  by  settling  and  heating  to  70°. 

Tests  of  the  OP-7  deemulslfler  under  Industrial  conditions  (OP-7 
concentration  0.2^%,  standing  at  50°)  confirmed  Its  high  quality. 

It  Is  advisable  to  Introduce  deemulslflers  Into  mazouts  prior  to 
watering  and  formation  of  emulsions,  l.e.,  at  the  points  of  production 
since  in  this  case  their  effectiveness  Is  higher  than  when  they  are 
added  to  a  water- mazout  emulsion. 


TABLE  137 

Effectiveness  of  Deemulslflers  (settling  at  70°) 
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1)  De-emulslfler;  2)  de -emulsifier  content,  3) 
settling  time,  hours;  4)  quantity  of  water;  5) 

Introduced  Into  mazout,  cm^;  6)  separated;  7)  cm^; 
8)  water  content  In  mazout  after  settling,  56;  Q) 
top;  10)  bottom;  11)  without  de-emulslfler;  12) 
none;  I3)  traces;  14)  with  OP >7  de -emulsifier;  15) 
alkaline  wastes. 


Recently,  a  technique  In  which  heavily  watered  hlgh-vlscoslty 
mazouts  and  mazout  washings  are  used  without  preliminary  dehydration 


as  firebox  fuels  for  stationary  boilers  has  acquired  importance. 

Stable  combustion  of  watered  high-viscosity  mazouts  is  achieved 
by  creating  a  water-mazout  emulsion  with  uniform  distribution  of  the 
water  through  the  entire  volume  of  fuel.  The  '‘water-oil"  type  of  emul 
sion  is  created  by  the  use  of  a  high-speed  meohanloal  disperser  [11] 
or  by  blasting  live  steam  (compressed  air)  through  the  mazout  [l8J. 

B.V.  Kantorovich  et  al.  [11]  account  for  the  possibility  of  burn 
ing  heavily  watered  mazouts  (to  30^)  by  the  specific  nature  of  com¬ 
bustion  of  the  water- fuel  emulsion.  Due  to  the  differing  boiling 
points  of  the  water  and  the  mazout,  emulsion  droplets  undergo  so- 
called  "microexploslons"  at  high  temperature  in  the  combustion  zone, 
with  the  result  that  extremely  fine  secondary  shattering  of  the  fuel 
takes  place.  Improving  mixing  with  air.  This  reduces  the  loss  of 
heat  with  the  flue  gases  and  partially  offsets  the  expenditure  of 
heat  on  vaporizing  the  water  present  in  the  fuel. 

With  water  contents  above  30^^  in  the  emulsion,  combustion  de¬ 
teriorates  noticeably,  the  boiler’s  efficiency  drops  off,  and  its 
steam  output  is  lowered  as  a  result  of  the  smaller  quantity  of  mazout 
entering  the  firebox. 

The  proposed  method  of  burning  watered  mazouts  is  not  expedient 
for  marine  boiler  installations,  since  it  reduces  sailing  range  con¬ 
siderably.  Furthermore,  due  to  the  increased  content  of  water  in  the 
fuel,  corrosion  of  the  heating  surfaces  would  apparently  be  greatly 
intensified,  particularly  when  high- sulfur  fuels  are  burned. 

Ash  in  Fuel 

There  is  usually  little  ash  present  in  liquid  boiler  fuels  - 
from  0.01  to  0.5^*  According  to  GOST  requirements,  the  ash  content 
in  fleet  mazouts  may  not  exceed  0.15^*  and  that  in  firebox  mazouts 
may  not  be  higher  than  0.35^. 

Mazout  ash  consists  primarily  of  salts  transferred  into  the 


SB 


mazouts  during  refining  of  the  petroleum.  Salts  can  be  either  partially 
dissolved  in  petroleum  or  be  present  there  In  a  colloidal  state  (com¬ 
plex  compounds  of  metals),  or  they  may  get  into  it  together  with  the 

depending  on  the  salt  content  of  the  petroleums  and  the  extent  to 
which  the  salts  were  ellminat-ed.  Apart  from  salts  originating  from 
the  petroleum,  mazouts  may  also  contain  corrosion  products  of  the  re¬ 
finery  apparatus,  this  corrosion  taking  place  particularly  vigorously 
when  sulfurous  petroleums  are  processed. 

The  basic  components  in  mazout  ash  are  vanadium,  sodium,  calcium, 
aluminum,  iron  and  nickel.  Table  138  presents  data  obtained  by  the 
author  on  the  ash  composition  of  sulfurous  and  low-sulfur  mazouts. 

The  tabulated  data,  which  characterize  the  ash  composition  of 
the  mazout  specimens  tested,  -provide  a  general  idea  of  the  composi¬ 
tion  of  mazout  ash.  However,  numerous  detailed  analyses  of  the  ash 
component  of  various  mazout  grades  have  shown  that  the  ash  of  sulfur¬ 
ous  mazout  and  the  ash  of  low-sulfur  mazouts  have  nearly  the  same 
composition,  and  that  the  absolute  ash  contents  are  practically  iden¬ 
tical  in  either  case.  The  basic  difference  in  the  sulfurous-mazout 
ash  consists  in  the  presence  of  vanadium,  which  is  absent  from  low- 
sulfur  mazouts  or  present  in  negligibly  small  quantities,  and  in  an 
elevated  sodium  content.  Straight-run  fleet  mazout  contains  up  to 
0,003-0. 00456  of  vanadium.  According  to  A.V,  Kozhevnikov  [28],  sul¬ 
furous  cracking  mazouts  contain  up  to  O.OI56  of  vanadium;  there  is 
considerably  more  vanadium  in  firebox  mazouts  than  in  fleet  mazouts. 
According  to  V,a.  Nlkolaytva  et  al.  [30]i  mazout  20  has  up  to  0.007$6 
of  vanadium,  mazouts  of  grades  40,  60  and  80  up  to  O.OI256,  and  crack- 
Ing  residues  up  to  0,020^, 


Despite  the  low  ash  content  In  the  liquid  fuel.  Its  combustion 
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on  the  outer  heating  surfaces  of  boiler  installations  results  in  for¬ 
mation  of  ash  deposits  that  lower  the  reliability  and  economy  indices 
of  the  installation's  performance.  In  combustion  of  mazouts,  the  ash 
is  deposited  in  the  form  of  dense  tough  scales  on  the  working  surfaces 
of  the  boilers  I  the  water-heating  tubes,  the  steam  superheaters,  the 
economizers  and  the  lining  of  the  fireboxes  and  clogs  the  flues. 

A  special  property  of  these  deposits  is  their  tendency  to  build 
up  continuously  on  convective  heating  surfaces;  this  limits  the  ser¬ 
vice  life  of  the  boiler  unit. 

TABLE  138 


Ash  Composition  of  Sulfurous  and  Low-Sulfur 
Mazouts 
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1)  Index;  2)  sulfurous  cracking  mazout  from  mix¬ 
ture  of  Stavropol',  Saratov  and  Bavlinskiy  pe¬ 
troleums;  3)  sulfurous  straight-run  mazout  from 
Tuytnasy  petroleum;  4)  fleet  mazout  from  Il'skly 
petroleum;  5)  sulfur,  56;  6)  ash,  7)  anions 
and  cations  in  mineral  part  of  mazouts,  8) 
none;  9)  traces;  10)  oxides  in  mazout  ash, 


The  presence  of  large  amounts  of  deposits  on  boiler  heating  sur¬ 
faces  gives  rise  to  a  number  of  complications  in  operation;  heat- 
transfer  conditions  deteriorate,  the  flue-gas  temperature  rises,  the 
temperature  of  the  superheated  steam  and  the  steam  output  decline,  the 
gas  resistance  is  Increased  and,  as  a  result,  the  efficiency  of  the 
boiler  diminishes.  Apart  from  the  deteriorating  heat  exchange,  ash 
deposits  Intensify  corrosion  of  the  metallic  surfaces  and  break  down 
the  firebox  lining  [5,  27]. 

The  basic  sources  of  ash-deposit  formation  on  the  boiler  heating 
surfaces  are  sodium  and  vanadium  [5»  28,  32,  35].  in  a  study  of  the 
influence  of  individual  residual- fuel  components  on  refractory  ma¬ 
terials,  Gones  and  Hardy  [.3lI„showed  that  salts  of  alkali  and  alkaline- 
earth  metals  lower  the  melting  point  of  firebrick  and  form  on  its  sur¬ 
face  hard  vitreous  films  that  sometimes  results  in  chipping  of  the 
firebrick. 

In  connection  with  the  use  of  mazouts  for  gas  turbines  (operating 
temperatures  at  heating  surfaces  700-800°),  the  authors  of  many  papers 
[ 30-35]  regard  vanadium  compounds  as  a  particularly  dangerous  ash 
component  -  an  agent  that  causes  corrosion  of  metallic  surfaces  and 
contributes  to  the  formation  of  deposits  on  heating  surfaces.  Vanadium 
compounds  are  not  only  corrosively  aggressive  but  also  bonding  agents, 
since  vanadium  pentoxlde,  which  forms  on  combustion  of  the  mazout,  sin¬ 
ters  and  melts  at  temperatures  of  650-700°,  Alkali-metal  compounds  In 
the  form  of  sulfates  also  produce  large  amounts  of  deposits,  but  cor¬ 
rode  noticeably  only  In  the  presence  of  VgO^.  Vanadium-containing 
petroleum  ash  also  attacks  refractory  materials  vigorously  [31],  par¬ 
ticularly  In  combination  with  sodium. 

It  Itis  been  established  by  research  studies  [34,  36]  that  the 
dfposlt  formation  and  corrosion  that  appear  at  temperatures  above  6*^. 


are  associated  with  the  presence  of  vanadium.  At  lov/er  temperatures, 
the  chief  cause  of  the  deposits  are  sulfates  (basically,  sodium  sul¬ 
fate)  , 

Analysis  of  deposits  taken  from  various  heating  surfaces  in  boil¬ 
er  installations  after  operation  of  sulfurous  and  low-sulfur  mazouts 
(Table  139)  has  shown  that  the  basic  components  of  the  deposits  are 
identical  to  the  components  of  mazout  ash.  A  characteristic  property 
of  all  deposits  is  the  absence  of  chlorides,  despite  the  fact  that 
the  mineral  Impurities  present  in  the  mazouts  contained  large  quan¬ 
tities  of  chlorides.  The  deposits  consist  predominantly  of  sulfates. 
It  appears  that  in  combustion  of  mazout,  the  ash  chlorides  decompose 
and  the  chlorine  is  replaced  by  sulfur  from  the  fuel .  The  basic  dif¬ 
ference  between  the  compositions  o-f  sulfurous  and  nonsulfurous  mazouts 
consists  in  the  vanadium  content  of  the  former,  together  with  the  ele¬ 
vated  content  of  insoluble  oxides,  which  interfere  with  cleaning  of 
the  tubes.  It  was  indicated  earlier  that  molten  vanadium  pentoxide 
is  an  active  corrosive  agent,  although  the  danger  of  vanadium  corro¬ 
sion  is  not  too  great  in  boiler  installations  having  the  prevailing 
parameters,  since  the  corrosive  aggressiveness  of  vanadium  comes  into 
evidence  basically  at  temperatures  of  650°  and  upward. 

In  the  use  of  boilers  with  high  steam  temperatures,  vanadium 
corrosion  will  be  just  as  severe  as  in  the  case  of  gas-turbine  In¬ 
stallations  . 

It  is  necessary  to  note  that  deposit  analyses  testify  to  the 
effect  that  corrosion  processes  take  place  under  the  deposit  layer 
irrespective  of  the  grade  of  mazout  burned.  Here,  the  corrosion 
process  is  apparently  the  result  not  so  much  of  the  action  of  sulfur 
or  vanadium  oxides  as  of  moisture-condensation  phenomena,  which  take 
place  more  actively  on  surfaces  covered  with  deposits  than  on  clean 
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Formed  on  Combustion  of  Sulfurous  and  Low-Sulfur  Mazouts 


surfaces.  The  latter  is  due  to  the  hygroscopicity  of  certain  salts 
and  the  microporosity  of  the  deposits,  which  cause  capillary  condensa¬ 
tion  of  moisture.  It  has  been  further  established  that  when  sulfurous 
mazouts  are  burned,  the  deposits  form  more  rapidly  than  in  combustion 
of  low-sulfur  mazouts.  In  this  case,  we  apparently  have  a  manifesta¬ 
tion  of  the  vanadium  effect,  which  contributes,  as  noted  earlier,  to 
deposit  formation.  As  a  result,  the  matter  of  timely  removal  of  de¬ 
posits  from  boiler  heating  surfaces  when  sulfurous  mazouts  are  used 
acquires  particular  importance. 

When  high-viscosity  mazouts  in  which  there  is  an  elevated  content 
of  ash  are  burned,  the  ash  deposits  are  particularly  destructive, 
since  they  stick  to  the  boiler  surfaces  in  an  extremely  tough  crust 
that  is  practically  immune  to  removal  with  an  ordinary  soot  blower. 

Steam  cleaning  or  air-blast  cleaning,  water  rinsing  and  mechani¬ 
cal  cleaning  (scrapers,  brushes,  etc.)  are  applied  to  remove  the  de¬ 
posits.  When  steam  is  used,  the  structure  of  the  deposits  on  subse¬ 
quent  heating  surfaces  deteriorates  and  intensified  corrosion  is  pos¬ 
sible,  particularly  when  sulfurous  fuels  are  burned  (12},  so  that  it 
is  advisable  to  replace  the  steam  with  dry  air, 

3ince  blasting  the  boiler  heatiiig  surfaces  is  of  little  effect 
when  high- sulfur  mazouts  are  bunted  due  to  the  dense  structui*o  of 
t:he  deposits,  and  mechanical  ciaanirtg  Is  an  extremely  laborious  and 
time- consuming  operation,  other  countermeasures  against  the  deposits 
have  recently  been  coming  into  use.  For  ishot  blast of 

the  convective  a. sd  tail-end  heating  surfaces  is  being  es^oloyed  abroad 
and  in  the  r.-SH,  Additives  of  various  types  are  used  on  a  much  wider 
scalH?  are  burned  in  boiler  installations.  The  additives 

either  raise  the  softening  teisi^erature  ss'id  point  of  the  ash- 

foiling  ccjispoiionts  or  ps'*event  adhesion  of  ash  particles. 
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In  the  former  case,  the  quantity  of  ash  deposited  is  reduced,  and  in 
the  latter,  the  additive  improves  the  structure  of  the  deposits,  ren¬ 
dering  them  dry  and  friable,  so  that  they  can  be  removed  easily  by 
ordinary  methods. 

The  structure  of  the  deposits  on  the  tail  heating  surfaces  can 
be  changed  by  the  use  of  additives  that  react  with  SO^.  The  additives 
not  only  change  the  structure  of  the  deposits  and  reduce  the  quantity 
formed,  but  also  inhibit  corrosion  of  the  heating  surfaces.  The  addi¬ 
tives  used  are  slaked  lime  with  a  CaO  content  of  50-60^,  dolomite 
(CaO  -  30-3^^,  MgO  —  21-225^,  COg  —  38-^8^) >  magnesite,  alumina,  kaolin, 
magnesium  oxide,  calcium  oxide,  ammonia  and  others. 

Sulfur  Content  in  Fuel 

The  content  of  sulfur  in  a  masout  depends  principally  on  the  sul¬ 
fur  content  in  the  crude  petroleum  in  refining  of  which  the  mazout  in 
question  has  been  obtained.  The  greater  the  amount  of  sulfur  in  the 
Initial  petroleum,  the  more  sulfur  will  there  be  in  the  mazout  derived 
from  this  petroleum,  with  the  sulfur  content  in  the  mazout  being 
generally  higher  than  that  in  the  original  petroleum. 

Moreover,  the  quantity  of  sulfur  in  a  mazout  depends  on  the 
depth  to  which  the  light  distillates  have  been  removed  from  the 
petroleum  and  the  degree  of  cracking.  Sulfur  content  Increases  wlch 
increasing  viscosity  and  density  of  the  mazouts. 

Knowledge  of  the  total  quantity  vf  sulfur  present  In  the  fuel 
is  necessary  for  thermal- engineering  calculations  and  for  estimating 
the  corrosion  processes  that  may  take  place  under  the  Influence  of 
tho  sulfur's  combustion  products.  It  will  be  recalled  that  the  maximum 
admissible  sulfur  content  In  fleet  mazouts  produced  from  sulfur-bear¬ 
ing  petroleums  is  2%,  while  that  for  firebox  mazouts  is  3.5^. 

Usually,  mazouts  contain  the  so-called  “volatile"  sulfur,  which 
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burns  with  the  fuelj  "sulfate"  sulfur,  which  is  present  in  the  ash  and 
does  not  participate  in  combustion  of  the  fuel,  is  present  in  negli¬ 
gibly  small  quantities  in  raazouts. 

Sulfur  may  be  present  in  mazouts  in  the  form  of  elementary  sulfur, 
hydrogen  sulfide,  and  various  organic  compounds  (meroaptane,  sulfides, 
disulfides,  and  the  like) .  The  most  aggressive  and  toxic  compounds 
(hydrogen  sulfide,  elementary  sulfur  and  mercaptans)  are  present  in 
mazouts  in  quantities  considerably  smaller  than  those  observed  in 
petroleum  or  in  light  distillates.  Consequently,  sulfurous  mazouts  are 
less  toxic  and  less  corrosively  aggressive  toward  the  maz out- handling 
equipment  than  the  petroleum  or  the  lighter  products  obtained  in  refin¬ 
ing  it. 

Extensive  operation  with  sulfurous  mazouts  has  shown  that  they  do 
not  aggravate  corrosion  of  the  equipment  (reservoirs,  pipelines,  pumps) 
as  compared  with  low-sulfur  mazouts. 

Usually,  irrespective  of  the  origin  of  the  mazout,  the  parts  most 
liable  to  attack  are  the  reservoir  roofs  (by  vapors  and  gases)  and 
those  parts  of  metallic  mazout  storage  tanks  whei'e  the  metal  is  in 

j 

contact  with  water  that  has  settled  out  of  the  mazout.  The  appearance 
of  corrosion  is  hastened  by  warming  and  watering  of  the  mazout.  The 
corrosive  aggressiveness  of  mazouts  diminishes  as  their  density  and 
viscosity  rise. 

The  total  quantity  of  sulfur  present  in  the  mazout  is  of  impor¬ 
tance  for  the  corrosion  that  takes  place  under  attack  by  sulfur-com¬ 
bustion  products,  since  all  sulfur  products  produce  sulfur  oxides  as 
a  result  of  combustion,  and  the  coxTOsiveness  of  these  oxides  depends 
on  tempei’atui'e,  the  dew  point,  and  the  presence  of  moisture.  It  is 
known  that  the  smoke  gases  obtained  on  combustion  of  fuels  way  coin'cde 
the  metal  of  the  boiler  apparatus  only  when  the  metal  is  very  hot,  at 

-  636  - 


a  temperature  at  which  reaction  is  possible  between  t'  smoke  gases 
and  the  metal  or,  on  the  other  hand,  so  cold  that  condensation  of  com¬ 
bustion  products  begins, 

1 

Practical  operation  of  boiler  Installations  indicates  that  in¬ 
tensive  heating-surface  corrosion  is  observed  in  combustion  of  sul- 
furous  fuels  at  points  where  the  metal  temperature  makes  it  possible 
for  the  vapors  present  in  the  smoke  gases  to  condense  on  it.  The  tall 
surfaces  -  the  air  preheaters,  water  economizers,  and  iron  exhaust 
tubes  —  are  most  liable  to  this  corrosion.  In  this  case,  electrochemi¬ 
cal  or  sulfuric-acid  corrosion  takes  place. 

As  we  knovj,  the  sulfur  burns  to  SOg 
during  combustion  of  sulfurous  fuels,  al¬ 
though  SO^  is  also  detected  in  the  combus¬ 
tion  products.  The  conversion  of  SOg  into 
SO^  in  combustion  of  mazouts  amounts,  ac¬ 
cording  to  literature  data,  to  3.2  to  7.45^ 
for  small  fireboxes  [37)»  and  to  0,5  to 
4.0^  for  large  ones.  According  to  certain 
sources  [4o],  less  than  5^  of  the  total 
sulfur  In  the  fuel  Is  converted  to  SO^,  and 
the  content  of  SO^  in  the  exhaust  gases 
(by  volume)  may  drop  to  0.005^  in  combus¬ 
tion  of  sulfurous  mazouts.  The  formation 
of  SO^  is  a  function  of  the  sulfur  content 
in  the  fuel,  the  combustion  temperature,  and  the  excess-air  ratio.  A 
number  of  papers  make  refertnot  to  the  fact  that  the  formation  of 
also  depends  on  the  catalytic  action  of  sulfates,  ferric  oxide 
and  vanadium.  The  foimiatlon  of  SO^  as  a  function  of  sulfur  content 
and  temperature  Is  shown  In  Pig,  183.  drumley  and  Fletcher  t37j  es- 
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Pig.  183.  SO^  content 

in  combustion  products 
as  a  function  of  sul¬ 
fur  content  in  petrole¬ 
um.  1)  Firebox- wall 
temperature  1200®;  2) 
firebox-wall  tempera¬ 
ture  1600®.  A)  Volume 
content  of  SO^  In  com¬ 
bustion  products, 

B)  sulfur  content  In 
petroleum,  JS. 


mo  mo  mo  mo  tsoo 

^TfMnepami/pa  itJiaMtHU,  *0 

Pig.  l84.  SO^  content  in  gases 
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tablished  that  the  SO^  content  first  Increases  with  increasing  flame 
temperature  and  then  approaches  a  constant  value  at  flame  temperatures 
above  1750^  (Fig.  l8^) .  It  is  also  shown  in  their  work  that  the  forma¬ 
tion  of  SO^  increases  with  increasing  excess-air  ratio.  As  the  excess- 
air  ratio  is  increased  from  1.1  to  1.7,  oxidation  of  SOg  to  SO^  is 

doubled . 

The  presence  of  even  small  quan- 
titles  of  SO^  in  the  exhaust  gases  con¬ 
siderably  increases  the  effective 
temperature  of  initial  moisture  con¬ 
densation  as  against  that  correspond¬ 
ing  to  the  partial  pressure  of  pure 
water  vapor  in  the  combustion  products. 
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Fig,  185.  Dew  point  as  a 
function  of  sulfur  content, 
1)  Dew  point,  °C;  2)  sulfur 
content,  %  by  weight. 


The  temperature  at  which  cotidensation  of  the  water  vapors  present 
in  the  gases  Is  possible  (dew  point  of  exhaust  gases)  Is  the  higher 
the  higher  the  concentration  of  water  vapor,  and  averages  45-65^. 

When  inasorts  with  high  sulfur  contents  are  burned,  condensation 


of  the  vapors  takes  place  at  higher  temperatures,  which  may  reach  120- 


150^  [40j,.  since  in  this  case  sulfuric-acid  vapors  which  form  when 
SO^  reacts  with  water  vapor  are  condensing. 

Figure  185  shows  the  dew  point  of  exhaust  gases  as  a  function  of 
sulfur  content  according  to  [38].  At  a  sulfur  content  in  the  fuel, 
the  exhaust-gas  dew  point  rises  to  130*^.  With  sulfur  contents  from  1 
to  55S,  each  percentage-point  increase  raises  the  dew  point  by  about  4^ 
[38].  According  to  the  VTI  [39]>  the  dew  points  of  mazouts  are  lower 
than  stated  in  [38]  by  about  10°. 

Since  the  temperature  of  the  boiler  tall  surfaces  (air  preheaters, 
economizers)  is  identical  to  or  lower  than  the  exhaust-gas  dew  point 
of  sulfurous  mazouts,  it  is  on  these  surfaces  that  most  of  the  sulfuric 
acid  condenses.  It  was  Indicated  earlier  that  the  boiler  heating  sur¬ 
faces  are  covered  with  ash  deposits,  so  that  on  condensation  the  acid 
gets  into  the  deposits  and  is  present  in  them  in  the  form  of  free  sul¬ 
furic  acid,  which  penetrates  to  the  surface  of  the  metal  and  intensi¬ 
fies  corrosion  of  it. 

Table  l4o  presents  the  author's  data  on  the  free-sulfurlc-acld 
content  in  deposits  taken  from  the  economizers  and  convective- tube 
bundles  of  boilers  operated  on  sulfurous  and  low-sulfur  mazouts.  The 
free  sulfuric  acid  was  determined  by  the  method  developed  by  Yu.M. 
Kostrikln  and  V.A.  Rumyantseva. 

In  deposits  taken  from  the  lower  rows  of  tubes,  where  the  wall 
temper«ture  is  110-115°»  the  free  sulfuric  acid  content  was  highest. 
Moreover,  an  elevated  content  of  free  sulfuric  acid  in  the  deposits 
also  corresponds  to  a  larger  sulfur  content  In  the  mazouts.  The  cor- 
roii Ion  rate  under  attack  by  aulfurlc  acid  depends  on  the  add  concen¬ 
tration,  which,  In  turn,  depends  on  the  wall  teriiperature  (Pigs.  I86 
and  la?)  [41] . 

Corrosion  la  insignificant  when  sulfurous  mazouts  are  buivied  at 


TABLE  140 

Free  Sulfuric  Acid  Content  in  Deposits  (in  %) 
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wall  temperatures  of  65-105®,  but  at  temperatures  from  110°  to  the  dew 
point  of  sulfuric  acid,  as  well  as  below  65°*  corrosion  intensifies 
(421. 

Protection  of  the  tail-end  heating  surfaces  from  corrosion  is  one 
of  the  most  Important  problems  in  boiler  design,  since  low- temperature 
corrosion  of  air  preheaters  and  economizers  may  be  so  severe  that  they 
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Fig.  l86.  Corrosion 
rate  of  steel  (C  - 
0.15^)  as  a  function 
of  temperature  with 
constant  HgSO^  con¬ 
centration,  1)  HgSO^ 

concentration  65?S;  2) 
HgSO^  concentration 

93^.  A)  Temperature, 
°C;  B)  corrosion  rate, 

g/m^*hour. 
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Pig,  187.  Corrosion 
rate  of  carbon  steel 
(C  -  0.19^)  as  a 
function  of  HgSO^ 

concentration  at  con¬ 
stant  temperature.  1) 

corrosion  rate,  g/m  • 
•hour;  2)  HgSO^  con¬ 
centration. 
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l)  Material;  2)  other;  3)  Inconel;  4)  carpen¬ 
ter  20;  5)  steel  304;  6)  steel  310;  7)  Garten. 


are  quickly  rendered  useless.  The  following  countermeasures  are  taken 
against  low-temperature  corrosion;  protection  of  the  metallic  heating 
surfaces  with  acid-resistant  coatings,  the  use  of  materials  that  have 
relatively  high  corrosion  resistance,  raising  the  heating- surface 
temperature  of  the  dew  point,  arid  reducing  SO^  formation  by  the  use 
of  additives. 

Protection  of  the  heating  surfaces  by  raising  the  wall  tempera¬ 
ture  usually  results  in  an  increased  flue-gas  temperature  and  a  con¬ 
siderable  drop  in  the  efficiency  of  the  boiler  installations.  Selec¬ 
tion  of  corrosion-resistant  steels  for  the  tail-end  heating  surfaces 
has  shown  that  the  corrosion  rate  may  take  a  maximum  and  a  minimum 
for  each  metal  at  certain  acid  concentrations.  In  view  of  the  fact 
that  the  temperature  of  the  tail-end  heating  surfaces  varies  over  a 
wide  range  and,  consequently,  that  the  acid  may  have  different  con¬ 
centrations,  selection  of  the  proper  material  Is  a  very  difficult 
matter.  According  to  [43],  the  highly  alloyed  Inconel  and  Carpenter 
20  have  low  corrosion  rates.  Also  recommended  (44J  are  steel  304  and 
steel  310.  Among  the  Inexpensive  low-alloy  steels,  Garten  steel  has 
been  suggested;  this  contains  up  to  97^  of  iron  and  small  additives 
of  Mn,  Cr,  Nl,  and  Cu.  This  steel  has  good  corrosion  resistance  In  the 
jc id-concentration  range  from  4o  to  90{6,  l.e.,  under  conditions  slml- 
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lar  to  those  prevailing.  The  compositions  of  the  steels  are  listed  in 
Table  l4l. 

Encouraging  results  were  obtained  when  various  types  of  enamels 
[4o,  45]  were  used  to  protect  the  heating  surfaces.  Among  others  re¬ 
commended  for  these  purposes  Is  acid- resistant  enamel  103i  which  Is 
particularly  resistant  to  H2S02^  concentrations,  from  50  to  90%, 

The  tall  heating  surfaces  may  be  protected  from  corrosion  by  the 
use  of  additives  that  reduce  the  content  of  SO^  in  the  combustion  pro¬ 
ducts  and  depress  the  dew  point.  Additives  that  adsorb  SO^  have  been 
tested  for  this  purpose;  examples  are  dolomite  and  silica  in  quanti¬ 
ties  of  0.1-0. 2%  of  the  weight  of  the  fuel.  These  additives  reduce 
corrosion  markedly,  but  depress  the  dew  point  only  insignificantly. 

The  drop  in  corrosion  is  accounted  for  by  the  considerable  increase 
in  the  quantity  of  deposits  formed  on  the  heating  surface  and  by 
changes  in  their  structure.  Better  results  were  obtained  by  injecting 
additives  that  enter  into  chemical  reaction  with  SO^  —  compounds  of 
zinc,  magnesium  and  ammonia.  These  additives  depress  the  dew  point  of 
the  smoke  gases  and  inhibit  corrosion  significantly. 

When  ammonia  is  injected  into  the  firebox  at  a  temperature  of  300° 
in  concentrations  above  O.OSIJ^  by  weight,  the  dew  point  of  pure  water 
vapor  is  reached.  Figures  188  and  I89  show  curves  of  dew  point  as  a 
function  of  ammonia  concentration  and  a  curve  of  corrosion  rate  as  a 
function  of  temperature,  with  and  without  ammonia  t38]* 

Table  142  lists  the  minimum  additive  concentrations  required  in 
the  fuel  to  lower  the  smoke-gas  dew  point  to  that  of  water  vapor, 
according  to  (381;  these  data  were  obtained  in  test-stand  experiments 
with  a  fuel  containing  3*2-3.4?5  sulfur. 

To  prevent  sulfuric-acid  corrosion  with  wall  temperatures  below 
the  dew  point,  one  Eiiglish  firm  has  patented  (British  patent  734190) 
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Fig.  l88.  Variation  of 
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of  ammonia  concentra¬ 
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2)  dew  point  of  water 
vapor;  3)  ammonia  con¬ 
centration  in  fuel,  % 
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(without  ammonia) .  A) 
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corrosion,  g/m  ;  B) 
dew  point  139°;  C) 
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the  additive  -'Teramine"  (trademark  of  apparatus  [sic])  [46).  Teramlne 
is  one  of  the  tertiary  heterocyclic  amines  produced  from  coal  tar. 
Teramine  is  introduced  into  the  boiler  flues  at  a  point  where  the  gas 
temperature  is  about  250°,  in  the  atomized  state  and  in  quantities 
equal  to  0.03-0.0556  of  the  weight  of  fuel  consumed.  Due  to  the  lower¬ 
ing  of  the  flue-gas  temperature  when  Teramine  is  used,  the  efficiency 
of  the  boilers  was  raised  by  1.556  In  addition  to  the  reduced  corrosion 
of  the  tail-end  surfaces. 

In  summarizing  the  above,  it  must  be  acknowledged  that  the  most 
effectivo  countermeasure  against  tail-surface  corrosion  is  the  use  of 
additives. 

Experimental  studies  must  be  carried  cut  to  further  cxtehsive 
introduction  of  these  techniques  and  selection  of  the  proper  addi- 
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TABLE  142 

Minimum  Additive  Concentrations  Required  to 
Depress  Dew  Point  of  Smoke  Gases  to  Dew  Point 
of  Water  Vapor  and  Their  Cost 
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*  Based  on  American  prices. 

1)  Additive;  2)  method  of  injecting  additive; 

3)  minimum  concentration  in  fuel,  by  weight; 

cost  of  additive  per  1  ton  of  fuel,  rubles*; 

5)  ammonia;  6)  blown  into  smoke  gases  at  tem¬ 
perature  of  350® ;  7)  zinc  dust;  8)  added  to 
fuel  in  form  of  suspension;  9)  dolomite;  10) 
same;  11)  magnesium  oxide;  12)  zinc  naphthenate; 

13)  added  to  fuel  in  solution  form;  l4)  mag¬ 
nesium  naphthenate. 

The  elevated  sulfur  content  in  high-sulfur  mazouts  provides  a 
basis  for  assuming  that  their  toxic  activities  will  be  higher  as  com¬ 
pared  with  low-sulfur  mazouts.  It  is  known  that  the  volatile  compounds 
evolved  from  sulfurous  and  low- sulfur  mazouts  have  a  toxic  effect  on 
the  human  organism,  particularly  at  elevated  temperature  and  irre¬ 


spective  of  sulfur  content. 

The  toxicity  of  sulfurous  mazouts  Is  higher  basically  because  of 
the  hydrogen-sulfide  and  mercaptan  content  and,  on  combustion,  be¬ 
cause  of  the  SOg  that  is  formed.  Hydrogen  sulfide  is  deadly  in  a  con¬ 
centration  of  1  mg/llter. 

During  storage  and  shipment  of  sulfurous  mazout,  the  hydrogen 
sulfide  content  present  sriay  change;  on  heating,  the  sulfur  compounds 
may  decompose  with  evolution  of  hydrogen  sulfide  [27l. 


precautionary  measures  must  be  taken  in  work  with  sulfurous 

-  644  - 


mazoutsj  these  Include  hermetic  sealing  for  tank  cars  and  pipelines, 
prevention  of  smoke  gases  from  the  flues  entering  work  and  residential 
premises,  and  the  installation  of  sufficiently  powerful  ventilation 
facilities . 

These  requirements  must  be  observed  carefully  where  sulfurous 
mazouts  are  used  on  seagoing  and  river  vessels,  where  the  proximity 
of  the  fuel  tanks  to  living  quarters  increases  the  danger  that  the 
sulfurous  mazouts  will  have  harmful  effects  on  personnel. 

It  is  recommended  that  high-viscosity  sulfurous  mazouts  (vis¬ 
cosities  above  VU^q  =  12)  with  open-crucible  flash  points  of  about 
100°  be  burned  in  the  fireboxes  of  ship  boilers;  these  should  be  less 
toxic  than  low- viscosity  mazouts,  since  they  contain  much  smaller 
quantities  of  light  petroleum  distillates. 

Extensive  operating  experience  of  oceangoing  vessels  and  tugboats 
and  river  passenger  vessels  has  shown  that  burning  sulfurous  mazouts 
in  the  steam-boiler  fireboxes  does  not  give  rise  to  further  expected 
[sic]  complications. 

At  the  present  time,  the  refining  industry  is  producing  the  fol¬ 
lowing  grades  of  liquid  boiler  fuel:  1)  fleet  mazout;  2)  petroleum 
fuel  (mazout);  3)  Uklita  boiler  fuel;  4)  coal-and- shale  fuel  mazout 
(shale  oil). 
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594  p  =  r  =  rabochly  =  working 

594  c  =  s  =  sukhly  =  dry 

594  r  =  g  =  goryuchaya  =  combustible 

594  n  =  1  =  letuchly  =  volatile 

595  H  =  n  =  nlzshly  =  lower 

596  3  =  E  =  Ekvlvalent  =  Equivalent 

596  Kaji  =  kal  =  kalorlynyy  =  calorific 

596  noji  =  pol  =  poleznyy  =  useful 

596  ycji  =  usl  -  uslovnyy  =  conventional 


Chapter  20 

FUELS  FOR  AIR -REACTION  ENGINES 


Aircraft  with  air-reaction  engines  occupy  the  leading  position  In 
present-day  military  and  civil  aviation.  Alr-reactlon  engines  (VRD) 
have  come  to  replace  piston  engines  In  aviation.  This  Is  connected 

with  the  fact  that,  as  Pig.  190  shows, 
they  are  considerably  better  than  piston 
engines  with  respect  to  their  flight  and 
operating  possibilities.  Actually,  with 
the  utilization  of  VRD  In  aviation,  the 
recent  past  has  seen  flight  speeds  at 
the  speed  of  sound,  and  then  2-2.5  times 
the  speed  of  sound;  with  the  utilization 
of  VRD,  there  has  also  been  a  consider¬ 
able  increase  in  the  flight  altitude  of 
modern  aircraft. 

Our  country  takes  a  leading  role  in 
the  development  of  air-reaction  engine  aviation.  By  the  middle  of  the 
nineteenth  century,  the  Russian  engineers  and  Inventors  I.M.  Tretess- 
kiy,  N.M.  Sokovnin,  and  N.A.  Teleshev  had  proposed  designs  for  engines 
including  the  basic  elements  of  modern  VRD.  In  I897,  the  engineer  P. D. 
Kuz'mlnskiy  constructed  the  first  gasturbine  er  line,  using  kerosene  as 
the  fuel;  at  the  present  time,  this  material  is  widely  used  as  a  fuel 
for  VRD.  During  the  1906-I908  period,  engineer  Korovodln  built  a  gaso¬ 
line-operated  pulse jet  engine.  In  I9II,  engineer  Gorokhov  proposed  a 
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Pig.  190.  Regions  in 
which  it  is  desirable  to 
use  flying  craft  with 
piston  (1),  turboprop  (2), 
turbojet  (3),  turbojet 
with  afterburner  (4).  ram¬ 
jet  (5),  and  rocket  (6) 
engines. 


^  _ _ _ _ _ _ . _ _  V  •.  V-  u 


motor-compressor  VRD,  also  using  petroleum  fuel. 

The  development  of  Jet  engineering  in  the  USSR  is  inseparably  as¬ 
sociated  with  the  name  of  a  great  Russian  scientist,  the  father  of 
Russian  aviation,  N.Ye.  Zhukovskiy,  who  as  early  as  the  1882-I886  pe¬ 
riod  had  developed  for  the  first  time  the  main  topics  in  the  theory  of 
Jet  motion,  and  also  with  the  name  of  the  prominent  Russian  Inventor 
and  scientific  innovator  K.E..  Tslolkovskly,  who  together  with  note¬ 
worthy  designs  for  Jet  aircraft  developed  in  1932  developed  a  double - 
flow  air-reaction  engine  with  compressor  and  propeller  driven  by  a  pis¬ 
ton  engine. 

The  theoretical  studies  of  B. S.  Stechkin  [1]  were  a  major  contri¬ 
bution  to  the  development  of  air-reaction  engines,  as  were  the  experi¬ 
mental  investigations  and  pilot  design  work  of  the  Soviet  designer 
A.N.  Tupolev,  V.V.  Il'yushln,  and  others. 

Owing  to  this  work,  Soviet  air-reaction  aviation  presently  leads 
the  world.  Soviet  aircraft  with  turbojet  and  turboprop  engines,  the 
TU-104,  TU-104B,  TU-114,  AN-10,  and  II-I8  have  won  wide  recognition 
both  here  in  our  country  and  abroad.  Soviet  aircraft  with  air-reaction 
engines  have  established  world  records  for  speed,  ramge,  and  altitude. 

Of  great  importance  in  the  development  of  air -reaction  engines  has 
been  the  work  of  Soviet  scientific -research  and  experimental  institu¬ 
tions  in  the  field  of  fuels  for  these  engines  [2-23]. 

The  T-1  and  TS-1  high-performance  fuels,  obtained  by  Soviet  pe¬ 
troleum  organizations  during  the  1946-195^  period  have  facilitated  the 
success  of  our  air-reaction  aircraft. 

The  work  of  foreign  scientists  [24-29]  has  also  been  of  great  im¬ 
portance  to  the  development  of  fuels  for  VRD. 

CONDITIONS  UNDER  WHICH  FUELS  ARE  USED  IN  VRD 

The  operation  of  air-reaction  engines,  both  compressorlei-s  and 
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compressor-type.  Is  based  upon  the  creation  of  a  powerful  gas -air 
stream  within  the  engine,  capable  of  turning  engine  components  at  high 
speeds,  and  of  creating  considerable  reaction  thrust  upon  leaving  the 
engine,  thus  providing  high-speed  flight  for  modern  aircraft.  The  gas- 
air  stream  in  a  VRD  is  formed  in  combustion  chambers  in  which  fuel  is 
burnt  in  a  stream  of  air  (see  Chapter  6).  In  compressor less  engines, 
the  air  arrives  at  the  combustion  chamber  under  ram  pressure,  while  in 
compressor  types,  a  powerful  centrifugal  or  aixial  air  compressor  is 
used. 

The  simplest  compressorless  VRD  is  the  ramjet  engine  PVRD  [30],  a 
diagram  of  which  has  been  given  previously  (see  Pig.  45  in  Chapter  6), 
Air  is  compressed  in  the  diffuser  owing  to  its  kinetic  energy;  thus  the 
ramjet  can  operate  only  in  a  stream  of  air.  The  oncoming  air  stream 
enters  an  expansion  diffuser,  and  loses  a  portion  of  its  speed.  This 
raises  its  pressure,  density,  and  temperature  in  accordance  with  the 
initial  velocity  of  the  stream.  In  the  front  section  of  the  combustion 
chamber,  the  air  is  mixed  with  the  fuel,  which  is  injected  through  a 
nozzle  in  fixed  proportion  to  the  amount  of  air.  The  fuel  vaporizes, 
forming  a  combustible  mixture  that  continuously  feeds  the  combustion 
zone  established  in  the  central  portion  of  the  combustion  chamber  be¬ 
yond  the  flameholder.  From  the  combustion  chamber,  the  gases  go  to  the 
exhaust  nozzle,  where  their  velocity  increases;  it  will  be  greater 
than  the  velocity  of  the  Incoming  stream.  Owing  to  the  great  accelera¬ 
tion  of  the  gases,  Jet  thrust  will  appear  and  act  upon  the  engine. 

At  the  present  time  there  are  two  types  of  PVRD:  subsonic  and  su¬ 
personic  (SPVRD).  The  distinguishing  feature  of  the  SPVRD  is  the 
higher  temperature  and  pressure  of  the  air  arriving  in  the  combustion 
chamber  and  of  the  gases  formed  in  it. 

The  engine  most  commonly  encountered  in  present-day  aviation  is 
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the  turbocompressor  air-reaction  engine  (TRD).  There  are  straight  and 
double-flow  TRD,  as  well  as  combinations  of  TRD  with  propellers  - 
turboprop  engines  (TVD). 

A  modern  turbocoi^ipressor  VRD  consists  of  the  following  elements; 
inlet  diffuser  1,  aoclal  compressor  2,  combustion  chamber  3,  gas  tur¬ 
bine  4,  exit  diffuser  afterburner  8,  and  Jet  nozzle  9*  The  eirrange- 
ment  of  a  modern  TRD  with  afterburner,  and  the  change  in  gas  charac¬ 
teristics  along  its  length  are  shown  in  Fig.  191  [31].  The  engine  op¬ 
erates  in  the  following  manner.  Air,  passing  through  the  inlet  dif¬ 
fuser,  is  sent  to  the  compressor  where  its  pressure  is  Increased  by 
3. 5-4. 5  times  as  a  result  of  compression.  The  air  at  elevated  pres¬ 
sure  is  directed  into  the  combustion  chamber,  where  fuel  is  injected 
through  a  nozzle.  The  formation  of  a  fuel -air  mixture  and  its  combus¬ 
tion  occurs  in  the  combustion  chamber;  here  the  gas  temperature  is  in¬ 
creased  to  1400-1550°. 

An  additional  quantity  of  air  is  supplied  to  a  secondary  zone  of 
the  combustion  chamber  in  order  to  drop  the  gas  temperature  and  to  en¬ 
sure  complete  combustion  of  the  fuel.  If  the  fuel-air  ratio  in  the 
primary  combustion -chamber  zone  approaches  unity,  4  times  as  much  air 
is  supplied  to  the  secondary  zone  as  to  the  primary. 

Prom  the  combustion  chamber,  gas  at  a  temperature  of  650-700®  is 
sent  to  the  gas  turbine,  setting  it  in  motion.  A  certain  amount  of  the 
energy  of  the  gas  is  used  to  turn  the  turbine  and  the  compressor  con¬ 
nected  to  it;  this  causes  a  partial  drop  in  temperature  and  pressure. 
Next,  the  gas  goes  through  a  diffuser  to  the  afterburner,  where  addi¬ 
tional  fuel  is  injected  through  nozzle  6.  Beyond  the  special  flame- 
holder  7t  which  maintains  the  flame,  steady  combustion  occurs,  creat¬ 
ing  at  the  nozzle  exit  a  high-temperature  and  high-speed  stream.  Con¬ 
sequently,  a  modern  TRD  in  essence  represents  a  combination  of  a  tur- 
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Pig.  191.  Arrangement  and  change  in  gas -stream  parameters  in  TRD  with 
afterburner,  l)  Velocity;  2)  pressure;  3)  temperature;  4)  flame  temp¬ 
erature;  5)  flame  temperature. 

of  Chapter  6  [32]  is  based  upon  the  utilization  of  the  excess  energy 
created  by  a  gas  turbine  [32]  for  driving  a  propeller.  Since  the  com¬ 
pressor  absorbs  most  of  the  power  and  the  Jet  thrust  is  thus  very 
small,  the  basic  thrust  of  such  an  engine  is  created  by  the  propeller. 
Turboprop  engines  create  considerably  more  thrust  at  low  flight 
speeds  and  especially  at  takeoff  than  do  TRD.  TVD  are  employed  for 
flight  speeds  of  up  to  6OO-8OO  km/hr.  The  fuel  consumption  of  a  TVD  is 
about  0. 35-0. 40  kg/hp-hr.  The  same  kerosene-type  fuel  is  used  for  TVD 
as  is  used  for  TRD.  Specific  specifications  for  TVD  fuel  have  not  as 
yet  been  established. 

In  double-flow  TFID,  the  excess  power  is  transmitted  not  only  to  a 
propeller,  but  also  to  a  fan  that  forces  the  air  through  a  separate 
circular  duct,  forming  an  external  engine  system.  The  arrangement  and 
operation  of  the  internal  system  differs  in  no  way  from  the  operation 
of  an  ordinary  TRD.  The  external  system  works  in  the  following  manner. 
Tlie  air  entering  the  external  system  passes  tiirough  a  diffuser  to  the 
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fan.  The  fan  creates  a  small  pressure  rise  In  the  second  system,  and 
moves  large  masses  of  air  which  then  are  sent  into  the  Jet  nozzle. 

Here  the  energy  obtained  by  the  air  in  the  fan  is  converted  into  kin¬ 
etic  energy,  thus  raising  the  velocity  of  the  gases,  and  producing  Jet 
thrust.  At  flight  speeds  of  up  to  600-700  km/hr,  DTRD  develop  greater 
thrust  than  TRD.  The  specific  fuel  consumption  in  a  DTRD  Is  consider¬ 
ably  lower  under  these  conditions  than  in  a  TRD,  and  reaches 
0.65  kg/kg -hr.  A  DTRD  normally  operates  with  the  same  fuels  used  by 
straight  engines, 

VRD  belong  to  the  class  of  engines  with  continuous  fuel  injec¬ 
tion.  In  contrast  to  piston  engines  with  continuous  injection,  VRD 
are  characterized  by  uninterrupted  supply  of  fuel  and  air  to  the  com¬ 
bustion  chamber.  An  exception  is  the  pulsejet  engine  [Pu  VRD],  in 
which  the  fuel,  as  in  piston  engines,  is  injected  inteimlttently.  At 
present,  the  pulsejet  is  not  widely  used.  It  was  only  during  the 
Second  World  War  in  Germany  that  the  pulsejet  was  used  in  certain 
flying  craft  -  the  "V-l"  missiles.  Automotive  gasoline  was  used  as  the 
fuel  for  these  engines. 

Fuel  is  supplied  to  the  combustion  chambers  of  VRD  with  the  aid 
of  a  fuel  system,  whose  basic  arrangement  is  shown  in  Fig.  192  [3]. 
While  fuel  is  pumped  through  the  fuel  system,  it  comes  into  contact 
with  numerous  parts  of  the  fuel  units,  which  are  made  of  various  fer¬ 
rous  and  nonferrous  alloys.  Thus,  the  fuel -collector  ducts,  fuel-fil¬ 
ter  rings,  rings  and  screens  of  the  filters  in  the  working  and  start¬ 
ing  nozzles  are  made  of  brass,  the  fuel-pump  rotor  is  bronze,  the  fuel- 
pump  housing  and  fuel  aooumulator  are  made  from  an  aluminum  alloy,  etc. 
In  some  systems,  individual  parts  of  fuel  units  may  be  plated  with  non- 
ferrous  metals.  Thus,  the  springs  and  cup  of  fuel-pump  screen  filters 
are  cad-iium  plated;  the  ends  of  the  fuel -pump  rotor  are  lead -indium 
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plated,  etc.  [33,  34]. 


Despite  the  high  speed  at  which  the  fuel  is  pimped,  nonferrous 
metal  alloys  have  a  negative  effect  upon  fuel  quality.  This  applies 
primarily  to  copper  alloys,  and  especially  to  tjrpes  VB-24  and  VB-23NTS 
hronsoa,  from  which  fuol-pump  rotors  are  made.  When  these  alloys  are 
present  in  the  fuel,  solid  Insoluble  sediments  form,  clogging  the  fuel 
filtei‘s  and  causing  precision  mated  elements  of  fuel  units  to  seise. 
The  formation  of  deposits  in  the  fuel  in  the  presence  of  copper  alloys 
is  Intensified  at  the  elevated  fuel  temperatures  that  may  occur  in 
modern  engines. 

The  fuel  may  become  quite  hot  in  supersonic  aircraft.  At  greater- 
than -sound  flight  speeds,  the  fuel  in  the  tanks  is  heated  owing  to  the 
heat  produced  by  friction  of  the  air  on  the  aircraft  body.  In  addi- 


Plg:.  192.  Basic  arrangement  of  TRD  fuel 
system  and  change  in  temperature  tb„rough- 
out  Its  length  as  a  function  of  aircraft 
ni^ht  speed.  1)  Booster  pump;  2)  Tiel 
tank;  3)  filterj  k)  starting  pump;  :3)  fii- 
el-*Dil  radiator;  6)  ptsmp;  7)  barostat;  8) 
throttle  valve;  9)  distributor;  10)  noz¬ 
zle;  11)  starter. 


tlon,  :.i  a  VRD,  the  fuel  may  bv^come  heated  in  the  fuel  pumps  and  in 


the  fuel-oil  radiators.  In  absorbing  heat  from  the  pumps,  which  rotate 
at  high  speed,  the  fuel  may  be  heated  by  an  additional  20-30°*  In  the 
fuel-oil  radiators,  the  fuel  Is  used  to  cool  the  oil,  which  is  at  a 
temperature  of  130-250°  or  above;  this  will  produce  a  further  tempera¬ 
ture  rise  in  the  fuel  of  30-40°.  Finally,  the  fuel  system,  as  a  rule, 
is  Installed  on  the  air-compressor  housing;  the  temperature  of  the 
last  stages  of  this  unit  reach  200-250°,  which  also  causes  some  addi¬ 
tional  heating  of  the  fuel.  Figure  192  shows  the  change  in  fuel  temp¬ 
erature,  based  upon  calculated  data,  as  it  passes  through  the  elements 
of  the  fuel  system,  as  a  function  of  increasing  aircraft  flight  speed. 
It  follows  from  the  data  given  that  at  a  flight  speed  of  Mach  1,  the 
maximum  fuel  temperature  may  reach  100-120°,  at  Mach  2  —  210-230°,  and 
at  Mach  3—  430-450°.  At  such  temperatures,  not  only  will  solid  sedi¬ 
ments  be  formed  in  the  fuel,  but  it  will  in  turn  prove  to  be  heavily 
corrosive  with  respect  to  the  parts  of  fuel  units  made  of  nonferrous 
alloys. 

Fuel  heating  is  characteristic  not  only  of  supersonic  aircraft, 
but  of  subsonic  craft  as  well.  Owing  to  the  use  of  fuel  as  a  cooling 
agent  In  several  elements  of  the  fuel  system  in  a  subsonic  Jet  air¬ 
craft,  the  fuel  temperature  may  reach  80-110°. 

SPECIFICATIONS  FOR  TRD  FUEL 

The  basic  TRD  units  that  have  a  substantial  influence  upon  fuel 
specifications  ai*e  the  combustion  chamber,  fuel  system,  and  gas  tur¬ 
bine.  Accordingly,  we  shall  consider  the  ari’angement  and  operation  of 
these  units,  as  well  as  the  specifications  imposed  upon  the  fuel  from 
the  viewpoint  of  normal  operation  of  these  unite.  Figure  193  shows 
fe’chentatically  a  TRD,  and  indicates  the  basic  fuel  characteristics 
that  affect  the  operation  of  the  individual  motor  units  (33]* 

The  fuel  system  of  a  TRD  is  one  of  the  principal  parts  of  thr 


glne.  A  change  In  engine  operating  conditions  Is  carried  out  by  chang' 
Ing  the  quality  of  the  fuel  supplied  to  the  combustion  chamber.  Thus 
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Fig*  193*  Fuel  characteristics  required  by 
various  TFID  units,  l)  Fuel  tank;  2\  low-pres¬ 
sure  pump;  3)  high-nressure  pump;  4)  nozzle; 
5)  screen  filter;  6)  screen  filter;  7)  com¬ 
bustion  chamber;  8)  low-pressure  filter;  9) 
high-pressure  filter;  10}  turbine;  11)  stor¬ 
age  (heat  of  vaporization,  volatility,  solu¬ 
bility  of  air,  stability);  12)  pumpability 
(viscosity,  freezing  point,  solubility  of  wa¬ 
ter,  corrosive  aggressiveness,  thermal  sta¬ 
bility);  13)  atomization  characteristics 
(viscosity);  l4)  combustion  (heat  of  combus¬ 
tion,  chemical  composition,  volatility);  15) 
effect  upon  turbine  (sulfur  content,  ash). 


uninterrupted  operation  of  the  fuel  system  is  of  primary  impox'tance. 
The  basic  fuel  system  of  a  TRD  consists  of  the  following  elements; 
fuel  tanks,  fuel  booster  pumps,  low-pressure  fuel  filter,  fuel-oil 
radiator,  fuel  pump  regulator,  piping,  and  nozzles.  As  a  rule,  a 
screen  or  paper  high-purification  filter  is  located  befox'e  the  pump 
regulator.  High -purification  filter's  are  also  installed  before  the 


fuel  regulators. 

The  engine  fuel  system  works  as  follows.  Fuel  fx’om  the  fuel  tanks 
is  puisped  through  the  fuel  filters  and  the  oil-fuel  radiator  by  elec¬ 
tric  pumps  to  the  pump  i^egulator,  and  then,  after  passing  tiurough  a 
series  ‘  fuel  regulators,  it  is  sent  to  the  combustion-chamber  noz¬ 


zles. 


A  caZi  .iCteristic  feature  of  modeii'j  V2{D  fuel  systems  is  the  pre- 


sence  of  finely  adjusted  fuel  apparatus,  having  numerous  precision 
mating  elements  with  small  clearances.  In  order  to  guarantee  reliable 
operation  of  this  apparatus,  several  hlgh-puriflcatlon  filtering  ele¬ 
ments  are  installed  in  the  fuel  system,  having  mesh  spacings  of  from 
5  to  120  microns. 

The  basic  requirement  for  fuel,  related  to  reliable  fuel-system 
operation  Is  uninterrupted  pumpablllty  under  various  operating  condi¬ 
tions,  especially  at  low  temperatures  (about  -50,  -60°),  and  at  high 
temperatures  (about  120-200°).  To  satisfy  this  requirement,  the  fuel 
should  having  the  following  properties. 

1)  it  should  not  freeze  and  it  should  not  precipitate  crystals 
of  high-freezing  hydrocarbons  at  low  temperature  (down  to  -50-60°); 

2)  it  should  not  develop  ice  crystals,  and  they  should  not  clog 
the  fuel  filters; 

3)  it  should  not  liberate  vapors  of  low-boiling  components,  nor 
should  it  form  vapor  looks  in  the  fuel  system; 

4)  at  temperatures  of  120-200°,  it  should  not  form  solid  insolu¬ 
ble  sediments,  and  they  should  not  clog  the  fuel  filters; 

5)  gum  deposits  should  not  be  formed  on  parts  of  the  fuel  appa¬ 
ratus  (valves  or  regulators); 

6)  it  should  not  cause  corrosion  of  fuel-system  units,  nor  should 
It  form  corrosive  deposits  or  clog  the  fuel  units  with  corrosion  pro¬ 
ducts. 

Combustion  chambers  of  modern  VRD  are  of  the  ramjet  type.  In 
them,  combustion  takes  place  contLnuously  at  high  temperatures ,  which 
raoilitattts  rapid  aocompliahment  of  the  oheaalcal  reaction  between  the 
i'ael  and  oxygen  of  the  air  after  they  are  mixed.  The  rate  of  combus¬ 
tion  in  VRD  is  determined  by  the  mixture -foi’matlon  process.  Hlgh-gr?, 
mixtu2*e  formation  is  achieved  by  increasing  the  imifoimlty  of  the  ; 


of  atomized  fuel,  by  fine  dispersion  and  agitation  of  the  streaim  in 
the  combustion  zone.  Fuel  quality  has  a  substantial  influence  upon 
this  process. 

As  altitude  increases,  there  is  a  drop  in  the  temperature  and 
pressure  of  the  air  reaching  the  chamber.  Under  orulaing  conditions, 
the  combustible  mixture  becomes  lean.  This  decreases  combustion  sta¬ 
bility  down  to  the  point  at  which  the  jet  is  interrupted  and  flameout 
occurs.  As  a  I’ule,  it  is  difficult  to  reignite  the  mixture  under  these 
conditions. 

In  order  to  provide  reliable  combustion-chamber  operation,  the 
fuel  must: 

1)  be  dispersed  satisfactorily  under  various  engine  operating 
conditions,  especially  at  low  speeds j 

2)  provide  reliable  operation  of  the  combustion  chamber  over  a 
broad  range  of  cooling -air  parameter  variations,  as  well  as  for  va¬ 
rious  excess -air  ratios; 

3)  ignite  when  the  engine  is  started,  for  various  characteristics 
of  the  air  entering  the  chamber; 

4)  pi^vide  very  complete  combustion  of  the  fuel; 

5)  provide  a  combustion  rate  such  that  the  combustion  ps’ocess  is 
canpletely  fistished  in  ‘"he  combustion  chamber,  i.e. ,  produce  the 
smallest  possible  riombustion  zone. 


lha  fuel  gheuM  .nat: 

i)  produce  carbon  deposits  in  the  combustion  chamber  or  on  other 
engine  parts,  leading  to  warping  of  the  coEsujust  ion -chamber  walls  and 


to  failure; 

2)  form  combustion  products  haviisg  a  has’mful  effect  upon  the  cos?i- 
bustion-'Erhajfiber  walls,  upon  the  turbinn  blades,  or  the  exhaust  nozzle. 


In  <.>i'dcr  to  pi'ovide  reliable  gas-turbii'se  operation,  the  fuel 
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should  have  a  minimum  content  of  ash,  which  erodes  the  turbine  biaJe';, 
and  also  fouls  the  blade  locks,  resulting  in  blade  failure. 

Several  requirements  originate  in  the  operating  and  working  pe¬ 
culiarities  of  modern  Jet  aircraft  using  VRD.  Modern  Jet  aircraft  have 
a  very  limited  fuel-storage  volume.  The  climb  rate  of  Jet  aircraft  is 
very  high,  so  that  in  climbing  to  an  altitude  of  15-18  km,  the  fuel  in 
a  tank  cannot  cool,  but  remains  at  the  ground  temperature.  Moreover, 
in  supersonic  aircraft,  the  fuel  temperature  in  the  fuel  tanks  may 
rise  owing  to  aerodynamic  heating  to  120-250*^.  In  accordance  with 
these  peculiarities,  followirig  fuel  specifications  are  necessary: 

1)  it  should  possess  maximum  energy  characteristics; 

2)  it  should  not  boil  or  foamTin  the  fuel  tanks,  so  that  it  will 
not  transport  any  air  in  solution,  and  it  should  contain  no, .low  boil¬ 
ing  components; 

3)  it  should  have  high  thermal  stability,  1. e. ,  it  should  not 
form  solid  Insoluble  sediments  in  the  fuel  tanks. 

Finally,  for  reliable  fuel  storage  in  fuel  warehouses,  it  should 
resist  oxidation  by  the  oxygen  of  surrounding  air. 

GRADES  OP  FUELS  FOR  VRD 

Modern  thermal-jet  engines  use  various  fuels.  There  are  two 
groups  of  fuels  for  VRD;  mineral  fuels  of  hydrocarbon  composition,  and 
nonhydrocarbon  chemical  fuels.  Mineral  fuels  are  obtained  chiefly  from 
petroleum,  as  well  as  from  products  obtained  by  processing  solid  min¬ 
erals.  At  the  present  time,  petroleum  fuels  for  VRD  are  very  common. 
They  are  classified  according  to  method  of  production  into  stralght- 
d  loti  nation  fuels  and  fuels  obtained  by  secondary  processes:  thermal 
end  catalytic  cracking,  polymerization,  etc.  Mineral  fuels  for  VRD  are 
cj.assifled  according  to  fraction  composition  into  fuels  of  the  gaso 
line  tj'pe,  the  naphtha  type,  the  kerosene  type,  the  gas -oil  typo,  ; 
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gasoline  fractions  In  these  fuels  is  presently  limited  so  that  the 
fuel  vapor  tension  does  not  exceed  IOO-I50  mm  Hg>  and  the  fuel  viscos¬ 
ity  at  20°  does  not  drop  below  1  centistoke. 

Below  we  give  characteristics  of  fuels  used  for  VRD  in  other 
countries. 

Domestic  VRD  fuels.  In  our  country,  four  grades  of  fuel  are  pre¬ 
sently  used  for  VRD;  they  are  produced  by  straight  distillation  of  pe¬ 
troleum  crude.  The  technical  specifications  for  domestic  VRD  fuels 
are  given  in  Table  143  [2,  3]. 

T-1  and  T-5  fuels  are  of  the  kerosene  type,  TS-1  is  of  the  heavy 
naphtha  type,  and  T-2,  of  the  wide-boiling  type.  T-1  and  T-5  fuels 
are  obtained  from  low-sulfur  petroleums,  fuel  TS-1  and  T-2  from  sul- 
furous  petroleums.  Accordingly,  the  sulfur  content  in  TS-1  and  T-2 
fuels  may  reach  0. 25^.  T-5  fuel  differs  from  T-1  fuel  in  its  greater 
density,  greater  content  of  heavy~fractions,  and  relatively  good  re-  ' 
fining. 

T-1,  T-5^  TS-1,  and  T-2  fuels  possess  good  operating  character¬ 
istics,  providing  reliable  operation  of  VRD.  They  are  straight -distil - 
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conditions  for  several  years. 

VRD  fuels  in  the  United  States.  The  characteristics  of  fuels  for 
VRD  in  the  United  States  are  given  in  Tables  l44  and  l45.  At  the  pre¬ 
sent  time,  five  grades  of  fuel  are  used  for  VRD  in  the  United  States, 
three  of  which  (jP-1,  JP-5#  and  JP-6)  are  kerosene-type  fuels,  and 
two  (JP-3  and  JP-4)  are  wide -boiling  fuels  [36,  37]. 

Type  JP-4  fuel  1$  very  ooiranonly  used  in  the  United  States.  Previ¬ 
ously,  cracking  components  were  Included  in  JP-4  fuel  such  that  the 

rated  hydrocarbons  in  JP-4  fuel  has  been  severely  limited.  The  brc’;;' 


number  of  present-day  JP-4  fuel  should  not  exceed  3*  This  Is  con¬ 
nected  with  the  fact  that  in  the  United  States,  there  is  yet  no  com¬ 
plete  solution  to  the  problem  of  attaining  high-stability  fuels  con¬ 
taining  a  considerable  amount  of  unsaturated  hydrocarbons.  In  JP-4 
fuel,  the  unaaturated  and  sulfur  compounds  are  almost  completely  hy¬ 
drogenated  with  the  aid  of  hydrorefining,  with  the  cracking  compon¬ 
ents.  Such  JP-4  fuel  differs  little  from  straight-distillation  fuels 
in  unsaturated -hydrocarbon  content. 

JP-1  fuel  is  used  far  less  frequently,  chi'efly  in  TRD  for  sub¬ 
sonic  aircraft  of  older  design.  One  of  the  chief  reasons  why  JP-1 
fuel  is  not  presently  in  wide  use  is  the  limited  nature  of  the  re¬ 
sources  for  its  production.  Thus,  JP-1  fuel  can  be  obtained  from  some 
petroleums  in  amounts  of  no  more  than  10-15^. 

JP-3  fuel  is  used  chiefly  in  naval  aviation  in  the  United  States. 
The  requirements  for  this  type  of  fuel  presently  amount  to  7*  5^  of  the 
-—total  Jet-fuel  requirements -of- the  United  States.  The  main  reason  that 
JP-3  fuel  does  not  find  wide  application  is  its  high  volatility,  es¬ 
pecially  in  high-altitude  flights.  In  vapor  pressure  (368  mm  Hg) ,  JP-3 
fuel  is  close  to  the  aviation  gasolines.  The  high  vapor  pressure  of 
JP-3  fuel  is  due  to  the  fact  that  low-boiling  gasoline  fractions  are 
included  in  its  composition,  owing  to  which  the  initial  boiling  point 
of  this  fuel  is  66°. 

JP-5  fuel  is  designed  for  supersonic  aircraft.  Large  amounts  of 
the  gas -oil  fraction  are  Included  in  this  fuel  in  order  to  increase 
the  density  and  expand  production  potentials.  But  this  considerably 
impairs  the  low -temperature  properties  of  the  fuel;  thus,  for  example, 
the  crystallisation  point  may  reach  -40°.  This  impairment  of  the  low 
temperature  properties  of  JP-5  fuel  is  permitted  since  the  fuel  is 
heated  on  board  a  supersonic  aircraft,  which  eliminates  the  danger  of 
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l)  Physical -chemical  characteristics;  2)  density 

20 

p2|  ,  no  less  than;  3)  fraction  composition;  a)  in¬ 
itial  distillation  point,  °C;  b)  lOjg  evaporated 
at  temperature,  ®C,  no  greater  than;  c)  50^,  the 
same;  d)  90$^,  the  same;  e)  9^^,  the  eame;  f)  res¬ 
idue  and  losses,  together,  jo,  no  more  than;  4) 
kinematic  viscosity,  centlstokes;  a)  at  tempera¬ 
ture  of  20°,  no  loss  than;  b)  at  tomporature  of 
0°,  no  more  than;  c)  at  temperature  of  -40°,  no 
more  than;  d)  at  temperature  of  -50°,  no  more 
than;  5)  acidity,  mg  KOH  per  100  ml  of  fuel,  no 

[Key  continued  on  next  page] 


[Key  to  Table  l43  continued]:  more  than;  6)  flash  point,  C,  no  less 
than;  7)  crystallization  point,  ®C,  no  more  than;  8)  cloud  point,  C, 
no  more  than;  9)  iodine  number,  g  of  iodine  per  100  g,  no  more  than; 

10)  content  of  aromatic  hydrocaroons,  no  more  than;  11)  existent 
gum,  mg/100  ml:  a)  at  point  of  fuel  production,  no  more  than;  b)  at 
point  of  fuel  consumption,  no  more  than;  12)  sulfur  content,  no 
more  than;  13)  Including  mei'captan  sulfur,  no  more  than;  14)  con¬ 
tent  of  water-soluble  acids  and  alkalies;  15)  low  heat  of  combustion, 
koal/kg,  no  less  than;  16)  ash,  no  more  than;  17)  content  of  mechan¬ 
ical  impurities  and  water;  l8)  copper-plate  test;  19)  saturated  vapor 
pressure  at  38° ^  mm  Hg,  no  more  than;  20)  no  more  than;  21)  no  less 
than;  22)  no  less  than  195>  to  200*^,  no  more  than  2^,  no  more  than 
225°;  23)  no  more  than  5;  24)  none;  25)  satisfactory. 


TABLE  144 

Characteristics  of  Wide-Boiling  Type  Fuels  for 
TRD 
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20TeiiaoitiopiiaN  cnocoOuocta  a  «aaa/K< 

UP  UUtMP  . 

21Coaep>B3tttte  4i>MTa<iecKttB  cuoa  b 
pu/tOO  -«  ue  6ob«b . . 


0.722- 

0.736- 

0788- 

0754- 

0751 

0.797 

0821 

0797 

0.760 

•/ 

— 

121 

66 

82-102 

tot 

lie 

144 

112 

177 

188 

173 

143-152 

156 

243 

243 

249 

208-227 

229 

315 

288 

286 

— 

250* 

— 

— 

3.36 

Z9t 

2,95^ 

5.0 

5.0 

— 

096-1.40 

-- 

-60 

-60 

23HBjm 

-60 

10-14.2 
006— 6^22 

-60*. 

25 

25  ' 

25 

ts 

0.4 

04 

035 

n,o<t5 

iOOi 

oou: 

— ■ 

24 

•  * 

— 

— 

— 

5.6 

5.6 

* 

1.0 

1.0* 

*— 

— 

5^0 

S.0 

1.0  . 

_ 

— 

— 

-23 

-13 

-IS 

10270 

10220 

IIKOO- 

10270 

10400- 

10420 

10300* 

7 

7* 

U 

l-U 

2. 
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TABLE  144  (continued) 

i^i^Conepimiuie  noreimiaiuntx  eiioa 
nocjio  16  ne.  OKvexeBii*  bm/IOOm 

leSoBee . . . 

coyopyrocTfc  oapoB  b  mm  pr.  «t.  b 
npeACsax  . 


14 

14 

U 

1.0-6,2 

260- 

380 

100-150 

388 

134-160 

2^po6B  aa  Meffayn  naaoraaKy  .  .  . 
2oKBUOTao«  aaeao,  m»  K0H/«  .  .  . 
HTr^aaaecRaa  etaSaabHoeiB  no  iie- 
TOAy  CFR; 

a)  aapanan  AaBaaiaa  sa  $aaupa 
,  npa  140  a  204*  C,  aa  S  aae.  b 
V  MM,  pr.  or.  ae  6oaee  ... 
'D.6)  xoaBRecTBO  oraoweBaO  a  no 
Aoip^MTeaea  Caanax  ae  Ooaea 


ai. 

sr 

ABplKMMttf 

aos 

325* 

— 

— 

3* 

— 

-- 

ISO 


Al 


I)'  According  to  Swiss  standards  —  grade  1,  Ital¬ 
ian  -  AM/C-142,  Canadian  —  grade  3  -  GR-22Aj  2) 
the  limitations  “not  above"  and  "not  below"  refer 
solely  to  technical  standards;  3)  in  Switzerland, 
2  mg/j.  are  permitted;  4)  in  Prance  and  Switzer- 
land,~10  mg/lOO  ml  are  permitted;  5)  for  the  Eng¬ 
lish  fuel  DERD-2486  and  for  the  American  fuel, 
the  determination  is  carried  out  but  there  is  no 
standard. 


l)  Physical -chemical  characteristics;  2)  techni¬ 
cal  specifications;  3)  grade;  4)  Great  Britain; 

5)  Prance;  6)  density,  7)  fractional  compo¬ 

sition,  ®C;  8)  10^,  no  more  than;  9)  end  point, 
oc,  no  more  than;  10)  kinematic  viscosity,  centi- 
atokes,  at  temperature  of  -40®C;  11)  bromine  number 
in  g  bromine  per  100  g,  no  more  than;  12)  crys¬ 
tallization  point,  oq,  no  more  than;  13)  content 
of  aromatic  hydrocarbons,  %,  no  more  than;  l4) 
sulfur  content,  no  more  than;  15)  mercaptan 
sulfur  content,  %,  no  more  than;  l6)  content  of 
antioxidant,  mg^,  no  more  than;  17)  content  of 
metal  deactivator,  mg/^#  no  more  than;  18)  water 
content,  ral/1,  no  more  than;  18a)  content  of  un- 
aaturated  hydrocarbons,  no  more  than;  19) 
flash  point,  oq;  20)  heating  value,  kcal/kg,  no 
less  than;  21)  extant  gum,  mg/lOO  ml,  no  more 
than;  22)  potential  gum,  following  16  hr  oxida¬ 
tion,  mg/100  ml,  no  more  than;  23)  vapor  pres¬ 
sure,  mm  Hg,  within;  24)  satisfactory;  25)  copper¬ 
plate  tests;  26)  acid  number,  mg  KOH/g;  27)  ther¬ 
mal  stability,  CPU  method:  a)  pressure  drop  at 
filter,  149  and  204^0,  after  5  hr,  ran  Hg,  no  more 
than;  b)  amount  of  deposits  in  heater,  arbitrary 
scale,  no  more  than;  28)  below. 
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TABLE  145 

Characteristics  of  Kerosene-Type  Fuels  for  TRD 


1  ■  ■  '  • 

^MHO-xanneOKU  OOKtUTim 


O  naoTnocTb  04**  •. . 

7  ^iKmiORRMft  cocras; 

O'  t0%  luiotnaeT  npn  TCMneparype 

X  a  °C  a«  autm«  * . 

y  50%  TO  we . 


«0%  . . 

,,10  K.  K.  a  oG  Be  aume . 

IJ.  BnaKOCTb  HHHeMaTimeeKan  a  eem 
npB  TexnepaType  —40'’  C  ae  Ooaee 

12  TeKneparypa  KpacrajumaaQBB  a 
ae  awme  . 


13  TeitnepaTTpa  icirumim  a  "C  aeanwe 

14  Coaepmauae  apouaTHiecKitx  yrae* 
■I  c  aoAOponoB  a  %  ae  Oonee  .  .  . 
.i.O{GoKepM<aBBe  cepu  b%  ae  Ooaee  . 

IpA.  a  MepKatnaHoaoS  cepu  a 

,  f.,%  ae  Ooaee . 

a  aHTaoKacaareaR  aaiaM 

,  ^  ae  Ooaee . 

ID  GoaepwaRMe  oaeipBROiux  rraeaoao* 

ty  poaoB  a  %  He  Ooaee . 

X  (  TennoTBopKaR  enocoOiiocTb  a 

■t  6  RRox/Ka  Re  RRwe . 

XO  CoaepwaHRe  ^aKTRMecKUX  CMoa  a 

au/l 00  MA  Ke  Ooaee . 

i.y  noTeaaoaabRue  caoau  nocae  10 
xae.  OKuoaeHHR  a  au/tOO  ma  ae 

Ooaee . 

(L\J  ToRKa  nuMaeiiRR  a  acM  ae  MeRee  . 
ell  npoOa  Ha  araiiyto  naacTKKKy  .  . 

22  VopyroCTb  napoa,  aut  pT.  ct.  .  . 

23  KaoaoTHOe  sucao  a  au  KOU/a  ae 

*  1 1  Ooaee 

dH  BpoMHoe  Rucao  a  e  Opoaa/iOO  ae 

o  cr  Ooaee . 

cp  GoaepwtHne  lonu  a  mz/a  ne  Ooaee 
do  TepxKRGOKaH  CTaOnabHOCTb  do  ae- 
Toay  CPU: 

a)  aepenaa  aaBaeiiiiR  hb  ^aab- 
^  Tpe  apii  204"  a  260®.a4a»pT.CT. 
O  0)  KoaHReoTBO  OTaomcuut  a  no* 
nrpeaarreae.  Caaau  .... 


KaRccrao 

1 

ih 

i.».n3w 

(B 

t 

■a 

225 

OiOfi 

ii4 

-f  *  ^ 

«0 

m  * 

th 

■ 

OC 

0,777— 

0,700- 

0,010 

0.026 

0o785 

0.786- 

0,030 

0.050 

0,820 

210 

210  ' 

104 

203 

165 

210 

••  ' 

102 

215- 

185 

223 

255 

225 

241- 

216 

254 

300 

200 

240 

280 

241 

208 

10* 

10« 

0.20 

10.8- 

7.25 

6,0* 

12,1 

-60* 

-40 

Hawe 

-47- 

-40- 

BaaM 

48 

60 

-40 

40 

00 

40 

61-04 

42-64 

00 

20 

25 

14.3 

20.3-21 

19.1 

20 

0.2 

0.4 

0.070 

0.33 

0,037 

0.2 

6.005 

0.001 

0,0009 

0.001 

- 

— 

24 

24 

- 

- 

- 

5.0 

5.0 

1.0 

1.0 

- 

—  _ 

to  100 

10  160 

10  300 

10  250 

10  280 

10  270 

5 

7« 

1,94 

i  *^2»0 

2.0 

- 

0 

14 

1.5 

1.0 

20 

■a* 

mm 

mm 

28ae 

27  BHBepHi 
taaRaTMbBaii 

aaaer 

20 

6-55 

55 

0.1 

0.05 

0.05 

0.1 

- 

5.0 

0.95 

4,3 

0,35 

— 

*  ■ 

OTO 

" 

— • 

— 

— 

— 

— 

— 

aa* 

— 

- 

"iCc cording  to  technical  standards  of  Switzerland  - 
grade  2,  Italy  -  AM/C-141,  Canada  -  grade  3  -  GR-23; . 
2)  the  limitations  ‘’not  above,"  "not  below."  etc., 
refer  solely  to  the  technical  standards^  3)  for  Eng¬ 
lish,  French,  and  Swiss  fuel  -  no  more  than  6  centi- 
stokes  at  -10°;  4)  at  -34°;  5)  for  English  and  French 
fuel  -  no  more  than  -40°,  for  Swiss  fuel,  -55°j  6) 
for  EJiglish  fuel,  10  mg  is  permitted;  7)  not  regu¬ 
lated  for  American  fuel;  8)  for  American  JP-5  fuel  it 
is  detonnlned,  but  not  standardized. 

l)  PJ^ysical -chemical  chai‘acteristics;  2)  technical 
staiidai*ds;  3)  grade;  4)  Great  Bi'itain;  5)  Prance;  6) 

density  7)  fractional  composition;  8)  10']^  evap¬ 

orates  at  temperature.  ^C,  no  more  than;  9)  50^»  the 
same;  10)  end  point,  °C,  no  more  than;  11)  kinematic 
viscosity,  centistokes,  at  temperature  of  -40°C,  no 
more  than;  [Key  continued  on  next  page] 


[Key  to  Table  145  continued];  12)  crystallization  point,  no  more 
than;  13)  flash  point,  no  less  than;  l4)  content  of  aromatic  hy¬ 
drocarbons,  no  more  than;  15)  sulfur  content,  no  more  than;  15A) 
content  of  mercaptan  sulfur,  no  more  than;  15B)  content  of  antioxi¬ 
dant,  mg/2#  no  more  than;  16)  content  of  olefin  hydrocarbons,  <fo,  no 
more  than”  17)  heating  value,  kcal/kg,  no  less  than;  I8)  existent  gum, 
mg/100  ml,  no  more  than;  I9]  potential  gum,  following  16  hr  oxidation, 
mg/100  ml,  no  more  than;  20)  smoke  point,  mm,  no  less  than;  21)  cop¬ 
per-plate  test;  22)  vapor  pressure,  mm  Hg;  23)  acid  n\imber,  mg  KOH/g, 
no  more  than;  24)  bromine  number,  g  bromlne/lOO,  no  more  than;  25)  wa¬ 
ter  content,  mg/l,  no  more  than;  26)  themal  stability,  CFR  method;  a) 
pressure  drop  at”fllter,  204°  and  260°,  mm  Hg;  b)  quantity  of  deposits 
in  heater,  arbitrary  scale;  2?)  satisfactory;  28)  negligible. 

interference  with  noimial  fuel  injection  and  the  formation  of  hydrocar¬ 
bon  crystals 'in  it.  Owing  to  the  Increased  crystallization  point,  it 
is  possible  to  produce  JP-5  fuel  in  sufficient  quantities. 

At  the  present  time,  the  United  States  is  beginning  production  of 
new  fuels  for  supersonic  aircraft  and  missiles  according  to  MIL-P- 
25656  (JP-6)  and  MIL-P-22524  specifications.  These  fuels  are  kerosene- 
type  fuels,  and  have  the  following  boiling  ranges:  MIL-F-22656,  120- 
290°,  MIL-P-22524,  150-290°.  ®iey  possess  increased  thermal  stability 
and  low  vapor  pressure  at  high  temperatures.  The  Increased  thermal 
stability  of  these  fuels  is  achieved  by  Improved  refining  and  use  of 
additives  [38].  The  specific  gravity  of  JP-6  fuel  is  C.  78-0. 86,  the 
crystallization  point  not  above  -50°  [39] •  JP-6  fuel  is  designed  for 
aircraft  flying  at  speeds  of  up  to  Mach  1. 5-2. 0. 

Fuels  for  TRD  in  Great  Britain.  As  we  can  see  from  Tables  144 
and  145,  three  grades  of  fuel  are  produced  for  TRD  in  Great  Britain; 
two  of  them,  according  to  specifications  DERD-2482  and  DERD-2488  are 
of  the  kerosene  type,  and  one,  according  to  specification  DERD-2486, 
is  a  wide-boiling  fuel  [28,  40].  English  kerosene -type  fuels  have  con¬ 
siderably  poorer  low -temperature  properties,  since  their  crystalliza¬ 
tion  point  may  reach  -40°.  The  possibility  of  such  an  increase  in  the 
crystallization  point  is  associated  with  fact  that  in  England,  Jel 
aircraft  do  not  operate  under  cold  winter  conditions  at  low  tempo:*-, - 
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TABLE  146 

Standardized  Fuels  for  TRD  in  NATO  Countries 


lIATO-F-33  I  ltATO-F-42  |  lIATO-F-40 


2  Ti„.  ■K.p...,,,. 


<l>U3ItKO-X]IMIt*ltiCKtte 

UOKAttATCAK 

b 

ECW 

DERD-2482 

JP-IB 

i 

*? 

b 

j'? 

Gft- 

S'-t 

OERD-248S 

JP-5B 

1 

U4 

aft 

qS: 

h  riflOritOCTl.  .... 

22 

Ho  nurao 

0.777- 

0,749- 

0,780- 

0,742- 

0,736- 

5  <l»lv»KHiiou:iMfi  cocran,  *C: 
010%  no  nuiue  .  .  , 

0,845 

0,830 

0,843 

0,850 

0,802 

0321 

210 

-22 

210 

210 

7  liO%  ito  iiniKc  .  .  .  , 

— 

Ho  DMinc 

«  ‘  1 

144 

144 

.'■•0%  »  »  ... 

-22 

.  200 

188 

188 

'■)0%  *  »  ... 

He  iiMine 

243 

243 

8i<.  K.  B  "C  i!0  lio.iee 

255 

:i00  1 

300 

288 

288 

Q)naTOK  n  %  iie  fm.ioe 

1,5 

1.5 

1,5 

1.5 

1,5 

13 

IpluTopM  B  %  lie  fio.ieo 

1,5 

1,5 

1,5 

1,5 

12> 

13 

iJJlfliKocTK  KinioMaTimc- 
ritajr,  n  entt  tipii  tcm- 

i 

Mfpnrypc  -10"’  HO 

T.-.  . 

10 

10.5** 

1(W** 

laiHo.ioTiiocTb  n.K^  KOlI/a 
no  Go.noc  . 

0,1 

IJroMncpnTypa  jjpnm.i- 

mUm 

.manunit  n  '0  no  bijihc 
l4ToMiiopaTypa  bchmuikh 

-GO 

1 

0 

-10 

-60 

11  no  niiiKo  .... 

43 

33 

60 

60 

lt5l>po.MHOe  'iiic.io  n  f  Gpo- 

^  .MB  na  100  J  no  Go.-ioe 
lo(’.o;vcp}Kamto  npoMiiTiino- 
CKHX  yr.iouoAopoiioB 

;i 

— 

3 

5 

,  _  »  %  uo  Conco  .... 

1 7<.o;top)KaHuo  HcnpeA0J»>- 
HU.X  yrncno.AopoAOn 

20 

20 

25 

2.5 

25 

25 

_  n  %  no  Goace  .... 

5 

... 

5 

5 

la'oAPpnwiiHO  cepu,  9o 

0,2 

0,2 

191*  tom  'ihc.ic  MopKanra- 
noiiOft  COpU  Q  ?«  HO 

Go.ico . 

cOl'.o.iopHMiiuo  r(i,pa  ii.u.i/.* 

0,005 

0.005 

no  Co.noe  . 

— 

2 

• 

1 

1 

2  lCo;toi))Knuno  iiuuminiC' 
;iUTo;ifl  n  ,«.'/•»  uo 

Go.ico . 

— 

21 

21 

21 

24 

23CoAopN<aBne  AoaaKTiia- 
Yopa  MQTaAAa  • 

.  BO  6ono«  . 

cHCoAepwaaBO  ^eKTi^io- 

— 

— 

— 

a 

5,6 

S3 

CXBA  CWOA  B  au/tOO  a*4 
Bd  6oiie» . 

s 

5 

7 

10 

7 

7 

S^TliIUOTBOpBtB  coocot- 
Boerk  vaaam  b  ku4/im 

'8«  ueBee  . 

26yapyrocth  tupoi,  m/cm* 

10160 

10  ICO 

10160 

KfilJ'l] 

2S 

f  lle»a«*uT«AbaBB 

0,14- 

TABLE  146  (continued) 

27npo6t  at  neAsyn  na*- 

30  Biis«p>iaiu«T 
-  1  20  1 

Q  many . 

2oTo««  amueaxn  «  “iu* 
■e  mw  . . 

1 

[-1 

Tfjmis®. 

**At  -340. 

1)  Physical -chemical  characteristics j  2)  kerosene 

PO 

typej  3)  wide -boiling  type;  4)  density  p2^  ;  5)  frac¬ 
tional  composition,  °C;  6)  10^,  not  above;  7)  2056, 
not  below;  8)  end  point,  ^C,  not  above;  9)  residue, 
not  above;  10)  losses,  not  above;  11)  kine¬ 

matic  viscosity,  centistokes,  at  temperature  of 
-40°,  not  above;  12)  acidity,  mg  KOH/g,  not  above; 

13)  crystallization  point,  “C,  not  above;  l4)  flash 
point,  °C,  not  below;  15)  bromine  number,  g  bromine 
per  100  g,  not  above;  I6)  content  of  aromauic  hydro¬ 
carbons,  not  above;  I7)  content  of  unsaturated 
hydrocarbons,  not  above;  I8)  sulfur  content, 

19)  including  mercaptan  sulfur,  not  above;  20) 
water  content,  ml/l,  not  above;  21)  content  of  anti¬ 
oxidant,  mg/l,  not^above;  22)  not  above;  23)  content 
of  metal  dea'ctlvator,  mg/l,  no  more  than;  24)  exist¬ 
ent  gum,  mg/100  ml,  not  aBove;  25)  low  heating  value, 
kcal/kg,  not  less  than;  26)  vapor  pressure,  kg/cm^; 
27)  copper-disk  test;  28)  smoke  point,  mm,  not  less 
than;  29)  negligible;  30)  satisfactory. 


tures. 

In  Great  Britain,  great  attention  is  paid  to  the  water  content  of 
the  fuel,  since  the  water,  liberated  from  the  fuel  under  operating 
conditions,  corrodes  fuel-system  pai'ts.  Thus,  Eiigllsh  specifications 
for  TRD  fuel  provide  for  the  possible  presence  of  dissolved  water  in 
the  fuel  in  an  amount  not  exceeding  1-2  mg/l. 

English  wide-boiling  type  fuel  is  the  same  in  its  characteristics 
as  the  American  JP-4  fuel. 

Fuel  for  TRD  in  Prance  and  other  countries.  The  basic  fuels  used 
for  TRD  in  France  are  the  wide<*boiling  fuel  of  apeclflcation  Air  3407, 
and  the  kerosene-type  fuel  Air  3405  (Tables  144  ai^d  145)  (41].  In 
their  characteristics,  French  TRD  fuels  are  the  same  as  the  English 
DSRD-2482  and  DBRD-2466.  in  addition  to  dcmestic  fuels,  the  French 
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use  the  American  JP-1  and  JP-4  fuels,  as  well  as  the  English  fuels 
mentioned. 

Belgium,  Italy,  Switzerland,  and  Austria  use  mainly  the  English 
DERD-2486  and  DERD-2482  fuels  for  TRD.  This  is  due  to  the  fact  that 
the  national  companies  of  these  countries  produce  ohi«%fly  English  TRD 
where  numbers  of  engines  are  needed. 

In  Italy,  the  following  national  specifications '^pply  M  TRD 
fuels:  AM/C-142,  for  wide-tolling  fuel  and  AM/C-141  for  kerosene-type 
fuel.  The  fuels  have  the  same  qualities  as  the  English  and  American 
fuels.  Italy  also  makes  wide  use  of  American  TRD  fuels  [42]. 

In  Canada,  both  EnglJsh  and  American  kerosene-type  and  wide-boil¬ 
ing  fuels  are  used  for  TRD.  There  also  exist  Canadian  national  speci¬ 
fications  for  TRD  fuels:  3-GR-23  for  kerosene-type  fuel,  and  3-GR-22A 
for  wide-boiling  fuel. 

In  Switzerland,  in  addition  to  English  fuels,  kerosene-type  fuels 
(grade  2)  and  wide-boiling  fuels  (grade  1)  are  used  in  accordance  with 
the  Swiss  state  specification  (Tables  144  and  145)  [43],  Swiss  kein;)- 
sene-type  fuel  is  considerably  better  tluui  English  or  French  with  re¬ 
spect  to  the  low-temperature  properties.  Thus,  the  erystallizatton 
point  of  this  fuel  reaches  -35^.  As  fai'  as  the  other  characteristics 
are  concerned,  no  substantial  differences  amotig  the  fuels  ai*e  ob¬ 
served. 

Fttcls  for  TRD  in  tlATO  countries.  In  oi^er  to  achieve  standardisa¬ 
tion  in  the  countries  belojtgirjg  to  MATO,  stajidaiHiised  fuels  have  been 
s^opt<x;  for  TItU);  their  ciiaract eristics  as’e  given  in  Table  146  [44]. 

Two  kerosene-tyjje  fuels  (specifications  2CATO-F-33  KATO-F-42)  and 
iQ'rie  vriiir -K'illrc  fuel  (specification  MATO-F-liC)  have  been  adopted  as 
standasv  fuels  in  the  ItATO  count’"ies.  T2^e  specifications  for  staridaixS . 
TRD  fuels  for  the  2iATO  countries  are  based  upon  specifications  for  the 


American  JP-1,  JP-4,  and  JP-5  fuels,  as  well  as  specifications  for  the 
English  DERD-2482,  2486,  and  2488  fuels. 

Fuels  for  Turboprop  Engines 

As  a  rule,  the  same  fuels  are  used  for  both  TVD  and  TUD.  This  is 
due  to  the  fact  that  the  mixture -formation  and  combustion  processes 
take  place  in  the  same  way  in  TVD  and  TRD.  Owing  to  the  fact,  however, 
that  TVD  are  Installed  on  aircraft  designed  to  fly  at  lower  heights 
and  speeds  than  aircraft  with  TRD,  it  is  considered  possible  to  use, 
in  the  main,  lighter  fuels  for  these  engines,  for  example,  gasoline  or 
wide-boiling  types.  Thus,  in  the  United  States  and  in  many  other 
countries,  JP-4  wide-boiling  fuel  is  widely  used  for  TVD. 

Fuels  for  Ramjet  Engines 

In  connection  with  the  fact  that  PVRD  are  intended  chiefly  for 
Jet  aircraft  and  missiles  flying  at  considerable  supersonic  speeds  at 

high  altitudes,  it  is  of  great  Importance  to  provide  stability  of  fuel 

/ 

combustion  under  these  conditions.  Accordingly,  it  had  previously  been 
assumed  that  fuels  for  PVRD  should  consist  of  gasoline  or  other  light 
petroleum  fractions.  Thus,  nonethylated  aviation  gasoline  was  used  in 
the  United  States  and  England  for  PVRD. 

The  present-day  views  on  fuels  for  PVRD  are  different.  This  was 
fui’thered  by  successful  work  on  ensuring  stable  combustion  in  PVRD  of 
not  only  . light  fuels,  but  of  heavy  fuels  as  well.  As  a  result  of  this 
work,  it  became  possible  to  use  kerosene  and  gas -oil  fuel  types  in 
PVRD.  The  desirability  of  using  heavy  fuels  for  PVRD  is  also  condi¬ 
tioned  by  the  fact  that  there  is  limited  storage  space  for  fuels  on 
board  supersonic  flying  craft  using  PVRD  and  the  fact  that  under  su¬ 
personic-flight  conditions,  the  fuel  is  vigorously  heated. 

Accordingly,  the  United  States  presently  uses  grade  RJ-l  heavy 

t 

kerosene  for  PVRD;  this  material  possesses  Increased  thermal  stabLi' 
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good  combustion  characteristics,  and  considerable  den''.ity  (0.84-0.86). 
This  fuel  evaporates  in  the  200-320^  range,  has  a  crystallization 
point  not  above  -4o°,  and  a  flash  point  not  below  88*^  [40]. 

STARTING  FUELS  FOR  VRD 

Starting  of  a  VRD  depends  to  a  high  degree  upon  the  temperature 
of  the  surrounding  medium  and  fuel  quality.  At  low  temperatures,  it  is 
difficult  to  start  an  engine  using  a  heavy  fuel  of  the  kerosene  or 
gas-oil  type,  owing  to  the  inadequate  volatility  of  these  fuels.  Thus, 
many  VRD  are  started  with  special  low-boiling  stsirting  fuels  of  the 
kerosene  type,  possessing  the  required  volatility  at  low  temperatures. 

t 

These  fuels  most  frequently  take  the  form  of  none thy lated  aviation 
gasolines,  or  mixtures  of  such  gasolines  with  the  basic  fuel. 


TABLE  ii’? 

Starting  Fuels  for  VRD  in  the  United  States 
and  England 


^<D«MKo-i«iui<iecitae  noKaaatMa 

2  0BBD-2485 
(AirRRR) 

MIL-P-5572 

(CUA) 

» 

3^pMm(oaauS  cocTaa,  *C: 

^  lOK  Ro  Buao  . . 

75 

105 

135 

180 

I  300-^ 

„  yotcyw 

a/0caiii«TauH  I 

!  75 

f06 

135 

180 

300-^80 
(T»yBT  11 

npospaiiiui 

SOK  »  »  . 

90%  *  *  . 

b  K,  K.  ■  '*C  ue  Rumc  .... 
O  yapyrocTb  HacumoNHux  oapoR, 

y  au*  pT.  CT.  .  .  ,  . . 

(  C«AaPHURR«  RTRJOIoi  WIUKOCTR 

8  Urot . 

l)  Physical-chemical  characteristics;  2) 
Englajidj  3)  fractional  composition,  ®C;  4) 
10^,  not  more  than;  5)  end  point,  ^C,  no 
more  than;  6)  saturated  vapor  pressure, 
iTirn  lig;  7)  convent  of  ethyl  mixture;  8) 
color;  9;  none;  10)  colorless;  11)  clear. 


In  the  United  States  and  England,  aviation  gasolines  with  any  oc¬ 
tane  number  are  used  to  start  VRD;  aviation  oil  is  added.  The  char¬ 
acteristics  of  these  fuels  are  shown  in  Table  14?.  The  use  of  ethylated 


aviatior*  gasolines  as  starting  fuels  is  prohibited. 

At  the  presenv.  time,  it  is  also  proposed  to  use  as  starting  fuels 


self -Igniting  fuels  such  as  trimethyl  aluminum,  or  a  mixture  of  this 
substance  with  trlethyl  aluminum.  Trimethyl  aluminum  has  a  heating 
value  of  10,000  kcal/kg,  a  crystallization  point  of  -39°*  In  flight 
tests,  it  ignited  the  working  fuel  after  flameout  to  altitudes  of 
16  km.  It  is  suggested  that  trimethyl  aluminum  will  start  VHD  to  alti¬ 
tudes  of  40  km.  At  the  present  time,  self -igniting  fuels  are  in  the 
test  stage,  and  are  produced  only  in  small  quantities  [45,  46,  4?, 

48  J. 

FUEL  STANDARDS  FOR  VRD 

The  variety  of  commercial  fuels  presently  produced  for  VRD,  which 
differ  considerably  among  themselves  both  as  to  fraction  and  chemical 
composition  have  made  it  necessary  to  select  from  among  them  certain 
grades  that  may  serve  as  standards  in  carrying  out  acceptance  and 
pulsed-repair  tests  of  VRD,  and  also  in  carrying  out  scientific-re¬ 
search  work. 

In  England,  grade  RT-2978  kerosene  fuel  is  used  as  such  a  stand¬ 
ard]  this  material  la  obtained  by  direct  distillation,  A  character¬ 
istic  feature  of  the  English  standard  fuel  (Table  l48)  is  the  rigorous 
determination  of  the  fractional,  chemical,  and  element  composition,  as 
well  as  the  other  physical  and  chemical  characteristics  (sulfur,  gum, 
heating  value,  etc.)  (28], 

In  the  United  States,  the  wide-boiling  JP-4  fuel  has  been  adopted 
as  a  standard  in  accordance  with  the  Mil-P-5624B  specification]  this 
is  a  mixture  of  straight  distillates  with  cracking  distillates.  The 
choice  of  grade  JP-4  fuel  as  a  standard  is  connected  with  the  fact 
that  in  the  United  States  this  fuel  has  found  wide  utilization.  More¬ 
over,  JP-4  fuel  is  closest  in  co»nposltlon  to  the  so-called  "war-time 
fuel,"  and  is  thus  considered  desirable  to  conduct  all  VRD  tests  with 


3  naOTHOCTIi  (f4**  .  .  . 

H  <DpaKUBOIt(ll>ta  OOOTAB! 

«  3TeKnepaTypa  naqajia  neperoa* 

^  KH,  «C  . 

.  ol0%  BUKanaoT  npa  TeHnepa- 

_  Type,  "C  . 

,,  I  90%  TO  »0 . 

O  K.  K.,  *C  ...  . 

9  I^ynnoBofi  xaMUHecKHS  cocTaa,  %: 
..QflpoaaTHiecKae  yracBOAopoflu 
..laaifiTeBOBue  » 

'  12  napa^tHHOBue  > 

ISCoAepwaane  cepu,  % . 

l^BpoMHoe  BHcao,  a  6poMO  na  100  a 
l^aKTHiecKHe  cMoau,  mc/IQO  ma  .  , 
lOTeunepaTypa  KpncTaaaaaauBa,  *C 
l^enaoTBopHaa  caocoOHocTb,  kkoaIiu 
loKHHeMaTH’iecKaH  BnaxocTb,  ecm: 

19  npa  TeanepaType  37,8®  C  ... 

or\r\  *  *  17,<®C  .  .  . 

cuajteMeBTapBufi  coc.aa,  %: 


0>7M--0i8ll 


•^6^  unsaturated  hydrocarbons. 

l)  Physical -chemical  characteristics;  2) 

England;  3}  density  ;  4)  fractional  com- 

sitionj  5)  initial  distillation  point,  °Cj 
6)  10%  evaporated  at  temperature,  °Gj  7) 

90J^,  the  same;  8)  end  point.  °C,*  9)  group 
chemical  composition,  lO)  aromatic  hy¬ 
drocarbons;  11)  naphthenes;  12)  paraffins; 

13)  sulfur  content,  l4)  bromine  number, 
bromine  per  100  g;  I3)  exj.stent  gum, 
mg/100  ml;  16)  crystallizatlc.i  point,  °C; 

17)  heating  value,  kcal/kg;  I8)  kinematic 
viscosity,  centistckes;  19)  at  temperature 
of  57. 8^0;  20)  element  composition, 

T-1  fuel  is  used  as  the  standard  fuel,  normally,  in  the  USSR. 
PUELS  FOR  VRD  IN  CIVIL  AVIATION 

As  a  rule,  in  civil  aviation  the  fuels  used  for  VRD  have  first 
gained  acceptance  in  military  aviation.  In  recent  years,  however,  the 
question  of  fuels  for  civilian  aircraft  with  VRD  has  been  discussed 
v^lidely  [49,  50,  51^  52],  The  reason  for  this  appears  to  be  the  fact 
that  not  all  of  the  requirements  Imposed  upon  a  fuel  from  the  view¬ 
point  of  military  aviation  apply  with  equal  force  to  civil  aviation 
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TABLE  149 

Specifications  for  VRD  Fuel  for  Civil  and  Military 
Aviation 


1  noKaaaienn 

i 

1  2  TpcGoBaiiHH  K  TonniiBy 

.3 

Dooitiioii  aniiaumi 

4  rpanaaucKofl 
aDiiauiin 

5 

^  TeMnopBTvpa  Kpnctannnaaaun,  ®C 

5  l^cnnaMCuncMocTb  (noiKapoonacnocTb) 

0  PecypcH  Q 

0  CTOIlMOCTb  y 

llc^apflc^tocTb  (ee  B.influne  ua  cropaniio) 
10 

_  *  .  _  _ _ _ 

12  _60 
BTopocTcneiiHoe 

13  BiianciiHO 
ilaKcitMa.ibHUo 

14  CpoAuna 
MaticiiMa.iMinii  m 

15  Gi'i  oGiiaaiiiiaiii 

16  -40 

MiiiitiMaakuafl 

l4  CpeAnno  n  g 

a.iiioTa  cropanna 

1)1  OTaOJKOUIIH 

CiaCiMUiocTb  npn  xpanoniin  1  1—2  ro,ia 

llTeiiaoTBopiinfl  cnocooHocti.  l^fs'KoiManwiaH' 


l)  Characteristics;  2)  fuel  requirements;  3)  mili¬ 
tary  aviation;  4)  civil  aviation;  5)  crystalliza¬ 
tion  pointy  OC;  6)  inflammability  (fire  hazard); 

7)  resources;  8)  cost;  9)  volatility  (its  effect 
upon  combustion);  10)  stability  in  storage;  11) 
heating  value;  12)  of  secondary  importance;  13) 
maximum;  l4)  moderate;  15)  maximum  completeness 
of  combustion  without  formation  of  deposits  for 
1-2  years;  l6)  mlnirauim. 

(Table  149).  Fuels  for  VRD  in  civil  aviation  should  have  decreased 
fire  hazard,  minimum  cost,  and  average  low -temperature  properties 
(crystallization  temperature  not  above  — 40^). 

The  question  of  which  fuel  is  best  suited  to  civil  aviation  has 
been  studied  for  a  long  period  of  time:  wide-boiling  fuel  or  kerosene- 
type  fuel. 

These  studies  have  resulted  in  divided  opinions.  Thus,  in  England 
it  is  considered  the  best  fuel  for  civilian  aircraft  using  VRD  is 
kerosene -type  fuel,  while  in  the  United  States,  on  the  other  hand, 
wide-boiling  fuel  is  thought  best.  In  Soviet  civil  aviation,  the  T«1 
and  TS-1  kerosene-type  fuels  are  widely  used  at  present, 

CHEMICAL  COMPOSITION  OP  VRD  FUELS 

Fuels  for  VRD  oonslst  of  petroleum  fraotlons  boiling  In  the  65- 
350  range,  l.e, ,  gasoline,  naphtha,  kerosene,  and  for  supersonic  air¬ 
craft,  gas -oil  fractions, 

Chemical  composition  has  a  considerable  effect  upon  the  opera"^!: 


characteristics  of  VRD  fuels.  Certain  classes  of  hydrocarbons  such  as 
the  aromatic,  the  normal  paraffin,  and  the  unsaturated  have  a  negative 
effect  upon  engine  characteristics  and  fuel  quality.  An  increased  con¬ 
tent  of  aromatic  hydrocarbons  increases  the  carbon-forming  ability  of 
th©  fuel,  normal  paraffin  hydrocarbons  raise  the  crystallization 
point,  and  unsaturated  hydrocarbons  decrease  fuel  stability  under 
storage  conditions.  As  a  result,  in  existing  technical  specifications 
for  VRD  fuels,  the  amount  of  aromatic  hydrocarbons  contained  in  the 
fuel  is  limited  to  20-25^,  the  unsaturated  hydrocarbons  to  2-3. 
while  the  presence  of  normal  paraffin  hydrocarbons  is  limited  by  the 
low  freezing  point  of  — 60°. 

Accordingly,  the  modern  VRD  fuels  T-1,  TS-1,  T-2,  and  ‘^-5  contain 
only  from  15  to  20^  aromatic  hydrocarbons,  and  the  amount  established 
by  the  standard  is  not  exceeded.  Isoparaffin  hydrocarbons  are  present 
in  the  fuels  in  amounts  of  33-61^,  naphthene  hydrocarbons  in  amounts 
of  21-455^.  The  relationship  of  the  aromatic,  paraffin,  and  naphthene 
hydrocarbons  in  the  fuel,  depends,  within  the  limits  shown  above,  upon 
the  nature  of  the  refined  petroleum.  The  content  of  unsaturated  hydro¬ 
carbons  in  fuels  for  VRD  varies  from  1.0  to  3.  OJ^. 

Among  the  aromatic  hydrocarbons  in  VRD  fuels,  the  least  desirable 
are  the  blcycllc  hydrocarbons,  which  have  a  very  great  ability  to  form 
carbon  [4].  Droegumueller  and  Nilson  [53]  have  shown  that  in  order  to 
prevent  excessive  carbon  formation  and  to  decrease  engine  smoking  in 
takeoff,  the  blcycllc  aromatic  hydi^ocarbons  should  not  be  present  In 
the  fuel  in  amounts  greater  than 

The  amount  of  gummy  material  contained  in  VRD  fuels  Is  also  lim¬ 
ited,  as  they  can  considei’ably  decrease  the  thermal  stability  of  the 
fuels.  Aocoi^Sing  to  existing  standards,  the  so-called  existent  gum, 
which  to  a  certain  degree  characterizes  the  amount  of  gummy  substances 


contained  in  a  fuel,  should  not  exceed  8-11  mg/lOO  ml. 

Sulfur  compounds  are  undesirable  constituents  of  VRD  fuels;  this 
applies  especially  to  the  mercaptans,  which  cause  vigorous  corrosion 
of  engine  fuel-system  parts.  Thus,  the  total  amount  of  sulfur  in  VRD 
fuels  is  limited  to  0.2-0. while  the  mercaptan-sulfur  content  is 

held  to  0.001-0.0156. 

Despite  these  limitations,  fuels  for  VRD  may  differ  considerably 
in  their  chemical  compositions.  This  will  depend  upon  differences  in 
the  fuel  fractional  composition,  method  by  which  they  are  produced, 
and  the  origin  of  the  crude  used  in  their  preparation  [54-61]. 

1 

Hydrocarbons  of  various  types  and  structures  form  the  basis  for 
modern  VRD  fuels.  Oxygen,  gummy,  and  sulfur  compounds  are  normally 
present  in  fuels  in  amounts  not  exceeding  1. 056;  even  in  such  small 
quantities,  however,  they  have  a  substantial  effect  upon  fuel  per¬ 
formance. 

Gummy  and  Oxygen  Compounds 

Qumnor  and  oxygen  comx>ounds  are  contained  in  straight -distilled 
VRD  fuels  in  quantities  not  exceeding  0. 1556.  In  fuels  containing 
thermal -cracking  components,  the  amount  of  these  comiwunds  present  may 
reach  I.O56.  It  is  clear  from  Table  150  that  the  amount  of  oxygen  and 
gummy  compounds  in  straight -distilled  fuels  is  less  by  a  factor  of  8- 
10  than  in  fuels  containing  thermal-cracking  components.  Despite  this 
fact,  oxygen  and  gummy  compounds  greatly  impair  the  thermal  stability 
of  T-2,  TS-1,  and  T-1  fuels.  Separation  of  the  oxygen  and  gummy  com¬ 
pounds  from  the  fuels  aids  in  sharply  decreasing  the  deposit-forming 
ability  of  /••he  fuele  for  VRD  at  elevated  temperatures  [9],  The  chem¬ 
ical  competition  of  oxygen  and  gummy  compounds  in  VHD  fuels  has  been 
studied  by  Ya.B.  Chertkov  and  V.N.  Zrelov  [9#  10].  Oxygen  and  gumist*’’ 
compounds  were  separated  from  the  VRD  fuels  by  chromatography  \<lth 
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TABLE  150 

Content  of  0:^gen  and  Guramy  Compounds  In 
Fuels  for  VRD 
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■>^We  Include  among  the  gummy  compounds  oxi¬ 
dation  products  that  are  not  driven  off  in 
vacuum  at  1-2  mm  Hg. 

1)  Fuels;  2)  content  of  oxygen  and  gummy 
compounds  in  fuel,  mg/lOO  ml;  3)  composi¬ 
tion,  ^  (relative);  41  oxygen  compounds; 

5)  gummy  compounds;  6)  T-2,  Grozniy;  7) 

TS-1,  Tuymazy;  8)  T-1,  Baku;  9)  Baku  kero¬ 
sene,  thermal  cracking;  10)  Tuymazy  kero¬ 
sene,  thermal  cracking. 

silica  gel.  They  take  the  form  of  viscous,  dark -brown  liquids  with 
high  molecular  weight,  roxighly  twice  the  molecular  weight  of  the  fuel 
from  which  they  are  taken.  Oxygen  and  gummy  compounds  are  character¬ 
ized  by  high  iodine  and  liydroxyl  numbers.  They  contain  a  considerable 
quantity  of  esteric  and  acid  substances. 

The  basic  component  of  oxygen  compounds  in  VRD  fuels  are  alcohols, 
of  which  no  more  than  25^  combine  with  a  carbonyl  group.  The  alcohols 
contained  in  the  fuels  have  a  single  aromatic  ring  in  their  structure; 
in  its  side  chain,  there  is  a  single  double  bond,  and  a  single  hydroxyl 
group.  They  have  almost  no  negative  effect  upon  the  operating  qualities 
of  VRD  fuels. 


The  gummy  compounds  have  the  worst  effect  upon  the  operating 
qualities  of  VRD  fuels.  In  VRD  fuels,  there  are  neutral  and  acid  gummy 


compoimds. 

Neutral  gums  are  predominant  among  the  gummy  compounds  in  VRD 
fuel;  they  form  95-975^  of  the  entire  amount  of  gum.  The  neutral  gums 
are  characterized  by  high  hydroxyl  numbers  (275)  and  iodine  numbers 
(90),  which  Indicates  that  there  is  a  single  double  bond  in  the  mole¬ 
cule  of  neutral  gums,  and  that  there  is  a  single  hydroxyl  group.  The 
neutral  gums  are  chiefly  products  of  alcohol  polymerization. 

An  Investigation  of  the  effect  of  neutral  gums  on  the  acidity  of 
VRD  fuels  has  shown  that  they  have  no  noticeable  effect.  As  far  as 
the  acid  gums  are  concerned,  they  greatly  intensify  fuel  oxidation, 
even  when  present  in  small  quantities.  A  similar  effect  upon  fuel 
acidity  is  shown  by  the  hydroxy  acids.  In  VRD  fuels,  the  hydroxy  acids 
are  dark-brown  liquids  of  the  gumny  type;  they  are  contained  in  the 
fuel  in  small  amounts. 


Sulfur  Compounds 


Sulfur  compounds  in  VRD  fuels  ai:*e  normally  present  in  small  quan¬ 


tities.  The  maximum  total  sulfur  content  in  VRD  fuels  does  not  exceed 


0.25'0. Sulfur  compounds  in  VRD  fuels  form  two  groups:  active  (ele¬ 
mentary  sulfur,  hydrogen  sulfide,  and  the  mercaptans)  and  inactive 
(sulfides,  disulfides,  thiophanes,  thiophenes,  and  the  so-called  re¬ 
sidual  sulfur). 

In  view  of  the  fact  that  the  active  sulfur  compounds  corrode  fuel- 
apparatus  elements  in  VRD,  their  content  in  a  fuel  is  strictly  limited. 
Thus,  there  should  be  no  more  than  0.01-0. 0055^  mercaptan  sulfur  in  a 
fuel.  Hydrogen  sulfide  and  elementary  sulfur  should  be  almost  com¬ 
pletely  absent,  and  this  Is  cheeked  by  tests,  on  lead  paper  and  a  cop¬ 
per  plate. 


The  chemical  composition  of  sullXir  compounds  in  VRD  fuels  is 
shown  in  Table  1^1. 
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It  follows  from  the  data  given  that  the  major  portion  of  the  sul¬ 
fur  compounds  in  VRD  fuels  is  allotted  to  the  residual  sulfur,  which 
so  far  has  not  been  characterized  in  depth.  An  investigation  of  the 
effect  of  residual  sulfur  on  corrosive  aggressiveness  and  thermal  sta¬ 
bility  of  VRD  fuels  has  shown  that  it  has  practically  no  Influence 
upon  these  fuel  properties. 

Owing  to  the  fact  that  there  is  normally  no  hydrogen  sulfide  or 
elementary  sulfur  in  VRD  fuels,  the  corrosion  aggressiveness  of  the 
fuels  is  determined  chiefly  by  the  mercaptans  present  in  the  fuels. 
Aliphatic  and  aromatic  mercaptans  may  be  present  in  VRD  fuels.  The 
aliphatic  mercaptans,  contained  chiefly  in  the  straight -distilled  TS-1 
and  T-2  fuels  [7,  62]  display  the  greatest  corrosion  aggressiveness. 
In  fuels  with  thermal -cracking  components,  it  is  basically  the  aro¬ 
matic  mercaptans  that  are  contained;  they  are  not  corrosive  with  re¬ 
spect  to  copper  alloys.  This  situation  has  found  confirmation  in  the 
work  of  I.  Ye.  Bespolov  and  Ye.E.  Kolotushkin  as  well  [19]. 

The  sulfides  present  in  VRD  fuels  are  aliphatic  and  aromatic  in 
nature.  The  distribution  of  aromatic  and  aliphatic  sulfides,  as  Table 


TABLE  151 

Chemical  Composition  of  Sulfur  Compounds 
in  VRD  Fuels 
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2  Co.'icpjuniiuo  coo;vmioiiml  copu, 
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^iiiAU 

qom- 
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TC-1  .  .  . 
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Hot 

10 

Hot 

0,00‘4 

0,0.51 

0,032 

0,153 

T-2  ...  . 

0,220 

» 

» 

0,005 

0.000 

0,015 

0,101 

1]  Fuel;  2]  sulfur -compound  content, 

3)  total;  4)  hydrogen  sulfide;  5)  ele¬ 
mentary;  6)  mercaptans;  7)  disulfides; 

8)  sulfides;  9)  residual;  10)  none. 

152  shows,  is  in  many  ways  similar  to  the  distribution  of  the  mercap¬ 
tans.  In  other  words,  aliphatic  sulfides  predominate  in  straight-dls- 
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TABLE  152 

Composition  of  Sulfides  in  VRD  Fuels 


Tonsnsa  npflMoii 

1  ronKB 

t.  Cyat^HAU,  %  ■ 

opOMaTmecKne 

a.iu^aTU<tccKiie 

6 

5 

TC-l . 

OTcyrcTByioT 

47,50 

TC-l  . . 

7,08 

26,50 

T-2  . 

■  8,97 

63,00 

1)  Straight -distillation  fuels;  2) 
sulfides,  3)  aromatic;  4)  ali¬ 
phatic;  5)  none;  6)  TS-1. 


tilled  fuels,  and  aromatic  sulfides  in  fuels  containing  thermal -crack- 
* 

ing  components.  An  Increase  in  sulfide  content  for  VRD  fuels  leads  to 
a  drop  in  their  thermal  stability.  The  aromatic  sulfides  have  the 
greatest  influence  upon  the  decrease  in  thermal  stability  of  VRD  fuels. 
As  the  VRD  fuel  boiling  point  goes  up,  the  amount  of  aromatic  sulfides 
Increases,  and  the  aliphatic  sulfide  content  drops.  Among  the  sulfides 
in  VRD  fuels,  a  significant  proportion  is  represented  by  derivatives 
of  thlophane  and  thiophene,  in  the  mono-,  bl-,  and  tricyclic  forms 
[63,  64]. 

The  amount  of  disulfides  present  in  VRD  fuels  depends  upon  the 
origin  of  the  crude  petroleum.  Thus,  no  disulfides  were  found  in  TS-1 
fuel  refined  out  of  petroleum  from  carboniferous  deposits  of  the  Tuy- 
mazy  area  [63].  Some  of  the  disulfides  are  members  of  compounds  that  ‘ 
increase  the  thermal  stability  of  uhe  fuels. 
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Chapter  21 

OPERATING  CHARACTERISTICS  OF  FUELS  FOR 
AIR- REACTION  ENGINES 

The  development  of  modern  aviation  using  air-reaction  engines 
(VRD)  ,  conversion  of  aircraift  to  supersonic  flight  speeds  at  high  al¬ 
titudes  have  shifted  the  folloyjlng  operating  properties  to  the  leading 
position:  energy  characteristics  (heating  value,  density,  completeness 
of  combustion),  thermal  stability,  carbon-formation  ability,  and  vis¬ 
cosity-temperature  characteristics.  In  addition  to  these  properties, 
as  before,  much  attention  is  devoted  to  volatility,  corrosion  aggres¬ 
siveness,  stability  in  storage,  fire  resistance,  solubility  of  air  and 
water  in  fuels,  as  well  as  the  starting  and  low-temperature  character¬ 
istics  of  fuels  for  VRD. 

The  operating  characteristics  of  fuels  for  VRD  can  be  classified 
into  two  basic  groups:  first  group  —  chai'acteristics  aif  fee  ting  the  op¬ 
eration  of  the  VRD  fuel  system,  and  the  second  group  —  characteristics 
affecting  the  operation  of  the  combustion  chamber,  gas  turbine,  and 
other  elements  of  the  engine  gas -air  system. 

In  the  present  chapter,  we  shall  consider  the  effect  of  certain 
fuel  properties  on  both  fuel-system  operation  and  the  operation  of  ele¬ 
ments  in  the  engine  gas -air  system. 

EFFECT  OP  FUEL  QUALITy  UPON  OPERATION  OP  VRD  FUEL  SYSTEM 

In  modern  VRD,  the  fuel  is  supplied  to  the  combustion  chamber  in 
quantities  of  from  200  to  8000  liter/hr  at  a  pressure  of  1* 4-55.0  <^2, 
as  determined  by  the  design  and  operating  regime  of  the  engine.  The 


thrust  of  a  VRD  varies  as  a  function  of  the  variation  of  the  amount  of 
fuel  supplied.  With  the  throttle  control  kept  In  the  same  position, 
the  fuel  flow  rate  should  be  maintained  constant  under  any  conditions, 
either  In  flight  at  high  altitudes  at  subsonic  speeds  under  low-temp¬ 
erature  conditions,  or  in  flight  at  supersonic  speeds  under  conditions 
of  considerable  aerodynamic  heating.  The  following  factors  affect  the 
variation  in  fuel  flow  rate  In  this  case: 

1)  formation  of  vapor  locks; 

2)  liberation  of  air  dissolved  in  the  fuel; 

3)  fuel  crystallization; 

4)  crystallization  of  water  dissolved  in  fuel; 

5)  corrosive  effect  of  fuel  upon  fuel-system  elements; 

6)  formation  of  sediments  not  dissolved  in  fuel. 

Accordingly,  we  shall  consider  the  effect  of  fuel  quality  upon 

the  phenomena  mentioned  above. 

Effect  of  Fuel  Quality  Upon  Losses  Due  to  Evaporation  and  Formation  of 
Vapor 

Fuel  volatility  greatly  affects  uninterrupted  operation  of  a  VRD. 
Modern  aircraft  with  VRD  have  high  climb  rates.  As  a  result,  the  fuel 
temperature  in  the  tanks  is  almost  unchanged  during  the  climb,  and  re¬ 
mains  approximately  equal  to  the  temperature  at  takeoff.  Thus,  in  a 
climb  to  a  height  of  12.2  km,  the  fuel  temperatui*e  in  subsonic  air¬ 
craft  drops  by  only  from  19^  to  16°  (Pig.  194)  [1]. 

In  flight  tests  of  the  American  wide -boiling  JP-3  fu^l  in  climb¬ 
ing,  its  evaporation  at  the  initial  temperature  of  43°  was  so  vigorous 
that  after  a  certain  period  of  time,  the  fuel  was  observed  to  boil; 
this  was  accompanied  by  loss  of  fuel  from  openings  in  the  fuel  tank. 

As  a  result,  fuel  losses  amounted"  to  from  two-thirds  to  three-quarters 
of  all  the  fuel  in  the  fuel  tanks  [2],  This  phenomenon  was  not  otse—  . 
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2  Bbicom  mem,xM 


in  tests  of  kerosene-type  JP-1  fuel  In  a 
climb  to  an  altitude  of  18. 3  km.  The  basic 
effect  upon  fuel  loss  in  subsonic  aircraft 
is  due  to  the  flight  altitude,  initial 
temperature,  and  fuel  vapor  pressure.  The 
climb  rate  (as  we  can  see  from  Table  153) 
has  almost  no  effect  upon  fuel  losses. 

The  initial  fuel  temperature  has  a 


Pig.  194.  Variation 
in  temperature  and 
losses  owing  to  evap¬ 
oration  of  gasoline - 
type  fuel  as  a  func¬ 
tion  of  altitude,  l) 
Fuel  losses,  2) 
altitude,  kmj  3)Qfu- 
el  temperature, 
h)  time  from  initia¬ 
tion  of  flight,  min. 


great  effect  upon  fuel  losses  in  climbing. 
The  higher  the  Initial  fuel  temperature,  the 
more  rapidly  at  a  lower  altitude  the  fuel 
will  boil,  and  the  greater  the  losses  that 
will  be  observed  at  high  altitudes. 

Up  to  the  present  time,  a  great  deal  of 


attention  has  been  devoted  in  the  United  States  to  studying  the  effect 
of  Initial  temperature  and  ambient  pressure  corresponding  to  2Ln  alti¬ 
tude  of  up  to  15  km  of  fuel  volatility  [3]» 


TABLE  153 

Effect  of  Climb  Rate  Upon  Fuel  Losses 
Owing  to  Evaporation 


CKOpOCTb 

mImu* 

0  noTcpR  TonjiHoa  to 

AO  •ucoTM  18.3  k'j*, 

T«RAHtio  Tiiiia  Gotian* 
Ht  e  uaMa.ii.uou  tCM-j 
^  Bcpaxypofl  20*  j 

TODAnao  Tuna  laiipo* 
Koil  <(paKuuu  e  ua- 
.  MaAauoO  Teunepa- 
4  typoO  15.5* 

1525 

m 

10.3 

3050 

15W! 

10.6 

4590 

15.0 

lU 

6120 

13.0 

10.7 

7640 

1 

15.2 

— .  .■■■■I 

103 

~~ — - , - - — ... 

D  cpeAu«w3  I  ti2  la? 


1)  Climb  rate,  m/minj  2)  fuel  losses 
during  climb  to  height  of  I8. 3  Ion, 

3)  gasoline-type  fuel  with  initial 
temperature  [Key  continued  on  next 
page] 
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tlal  temperature  [1].  This  is  explained  by  the  difference  In  the  vapor 
pressures  of  these  fuels.  The  vapor  pressure  of  a  fuel  is  one  of  the 
basic  characteristics  that  determines  the  flight  altitude  at  which  a 
fuel  commences  to  boll.  The  relationship  between  the  saturated  vapor 
pressure  of  a  fuel,  the  initial  temperature,  and  the  height  at  whioh 
the  fuel  boils  is  shown  in  Pig.  196  [4].  It  is  clear  from  the  data 
given  that  at  an  initial  temperature  of  20°,  kerosene-type  fuels  (T-1, 
TS-1,  etc.)  will  boil  at  a  height  of  20.5  Ion,  while  wide-boiling -type 
fuel  with  a  vapor  pressure  of  100  mm  Hg  (T-2)  will  boil  at  a  height  of 
16. 5  km. 

Large  losses  due  to  evaporation  are  observed  when  the  fuel  has  a 
high  vapor  pressure.  Fuel  losses  for  vapor  pressures  greater  than 
0.136-0.210  kg/cm  may  be  considerable  even  at  37*8  .  In  fuels  having 

Q 

vapor  pressures  fluctuating  from  0.351  to  0.492  kg/cm  ,  the  losses  at 
a  height  of  I8. 3  km  (Table  154)  may  reach  lOJ^,  even  for  the  case  in 
‘  which  the  temperature  at  ground  level  is  I5. 5^*  If  the  initial  temper¬ 
ature  amounts  to  37*8°,  the  losses  at  a  height  of  I8. 3  km  may  reach 
20jg  [1]. 

Such  great  losses  at  high  altitudes  cause  a  change  in  the  com¬ 
position  of  the  fuel  in  the  tank,  since  it  is  chiefly  the  light  frac¬ 
tions  that  evaporate.  This  essentially  eliminates  completely  the  ad¬ 
vantages  inherent  in  a  wide-boiling  fuel  having  a  vapor  pressure  of 
about  0.47  Icg/cm**  as  a  result  of  the  introduction  of  low-boiling  com¬ 
ponents.  Here  the  vapor  pressure,  volatility,  and  detonation  points 
will  change.  The  expansion  in  VRD  fuel  resources  attained  by  introduc¬ 
ing  low-boiling  comiJonents  proves  to  be  illusory. 

Since  the  vapor-fonnatlon  rate  Increases  considerably  in  climb¬ 
ing,  high  pressures  appear  in  the  fuel  tanks,  necessitating  a  com¬ 
plicated  system  of  valves  ar»d  openings  for  reducing  the  pressure. 
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TABIB  155 

VRD  Fuel  Vapor  Pressure  as  a  Function  of  Tempera¬ 
ture 


V. 

1  Toiiahdo 

2  ViipyrocTb  nnpoB  (n  mm  pr.  ct.)  npn  . 

20" 

40» 

00® 

80® 

100® 

120® 

140* 

100® 

T-2 . 

GO 

100 

ISO 

280 

475 

700 

T-1  . 

30 

35 

40 

80 

100 

240 

440 

040 

T-5 . 

— 

10 

20 

30 

«X) 

00 

100 

220 

1)  Fuel;  2)  vapor  pressure  (in  mm  Hg)  at. 


TABLE  156 

Ratio  of  Vapor  Phase  to  Liquid  Phase  as  a  Func¬ 
tion  of  flight  altitude  for  VRD  Fuels  at  37.8° 


1  TonanBO 

OTiiomoiiiio  napoBOil  i^aau  x  miiAKoS 

2  V/l  npn  BucoTO  noBora,  km 

_ 

3 

4,6 

5  1 

9 

12 

16,7 

3 

Tuna  OcnaiiBB . 

0.8 

2,0 

4,0 

Tnna  Kopocuiu  . 

0.1 

0.1 

0,2 

a4 

2.0 

1)  Fuel;  2)  ratio  of  vapor  phase  to  liquid  phase, 
V/1  at  a  flight  altitude  in  km  of;  3)  gasoline 
type;  4)  kerosene  type. 


Losses  of  fuel  due  to  evaporation  may  be  decreased  by  two  me¬ 
thods:  by  sealing  the  tanks,  and  by  cooling  the  fuel  prior  to  the 

flight  [5]. 

In  addition  to  large  quantitative  losses  in  the  VRD  fuel  system 
when  wide-boiling  fuels  with  high  vapor  pressures  ore  used,  even  at 
low  altitudes,  vapor  locks  may  form,  causing  serious  Interruptions  in 
the  operation  of  the  engine  fuel  system, 

the  aircraft  is  climbing,  the  pressure  at  the  fuel-pump  in¬ 
let  is  reduced,  causing  a  drop  in  the  line  excess  pressure  as  com- 

with  the  fuel  vapor  pressure.  At  a  certain  altitude,  for  which 
the  fuel  vapor  pressure  approaches  the  pressure  In  front  of  the  pump, 
the  fuel  emits  vapors  vigorously,  leading  to  the  formation  of  vapor 
locks  in  the  fuel  system,  and  to  a  sharp  drop  In  the  amount  of  fiu.*.! 
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supplied  to  the  combustion  chamber. 

Kerosene-type  fuels  used  for  VRD  have  low  vapor  pressures.  VIhen 
kerosene -type  fuel  is  used  for  subsonic  aircrafts,  vapor  locks  are 
not  formed.  It  is  possible  to  fly  at  altitudes  greater  than  12-14  km 
without  sealing  or  applying  exoess  pressure  to  the  fuel  tanks  for 
kerosene-type  fuels  (T-1,  TS-1,  T-5>  JP-1,  JP-5)  that  evaporate  in  the 
l40-280°  range  and  have  vapor  pressures  below  100  mm  Hg.  Wide-bolllng 
Jet  fuels  (T-2,  JP-4) ,  evaporating  in  the  60-280®  range,  and  having 
vapor  pressures  of  IOO-I50  mm  Hg  provide  reliable  aircraft  fuel-system 
operation,  without  the  use  of  excess  pressure  in  the  fuel  tahks,  only 
to  altitudes  of  10-12  km. 

For  modern  supersonic  aircraft,  the  fuel  temperature  Increases  in 
flight  owing  to  the  heating  of  the  entire  aircraft  structure,  and  the 
utilization  of  the  fuel  as  a  cooling  agent.  At  the  higher  temperatures, 
the  fuel  vapor  pressure  rises.  For  kerosene-type  fuels,  this  increase 
is  slight  up  to  temperatures  of  80®,  at  which  point  the  vapor  pressure 
of  wide-boiling -type  fuels  rises  sharply  (Table  155).  Thus,  Walkery 
[6]  has  shown  that  a  wide -boiling -type  fuel  with  vapor  pressure  of 
150  mm  Hg  begins  to  boll  in  aircraft  teinks  at  a  height  of  8. 7  km  at  a 
temperature  of  50®»  In  the  United  States,  the  effect  of  fuel  volatil¬ 
ity  upon  fuel -system  operation  in  supersonic  aircraft  has  been  evalu¬ 
ated  under  laboratoi*y  conditions  by  a  determination  of  the  maximum 
pressure  in  a  special  fuel  tank  at  a  temperature  of  230®  [2].  Under 
such  conditions,  a  tank  containing  JP-4  fuel  developed  a  pressure  of 

p  p 

up  to  14  Icg/cm  ,  while  a  gas -oil  type  fuel  produced  only  1.2  kg/cm  . 

The  tendency  of  the  fuel  to  form  vapor  locks  can  be  determined  on  the 
basis  of  the  volumetric  ratio  of  the  vapor  aiid  liquid  phases  v/l.  The 
ratio  of  the  volume  of  vapor  phase  to  the  volume  of  liquid  phase  de¬ 
pends  upon  the  aircraft  flight  altitude;  it  is  shown  in  Table  I56.  If 
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we  assume  that  a  permissible  v/l  ratio  for  a  fuel  system  equals  two, 
then  gasoline -type  fuel  forms  vapor  locks  at  a  temperature  of  37.8°  at 
a  height  of  4.6  km. 

For  kerosene-type  fuel,  vapor  locks  do  not  form  at  this  tempera¬ 
ture  while  the  aircraft  is  flying  at  an  altitude  of  16.  7  km.  For  su¬ 
personic  aircraft,  in  which  the  fuel  may  develop  temperatures  of  120- 
150°  in  the  fuel  system,  the  formation  of  vapor  locks  may  set  in  at  a 
considerably  lower  altitude,  unless  a  heavier  fuel  is  used,  such  as 
type  T-5. 

Fuel  vapor  pressure  has  a  substantial  effect  upon  aircraft  range, 
fuel-tank  weight,  and  on  the  size  and  operation  of  the  fuel  pump.  The 
throughput  of  a  fuel  pump  working  with  kerosene-type  fuel  is  approxi¬ 
mately  double  that  obtained  with  gasoline-type  fuel  having  a  vapor 
pressure  0.49  kg/cm  .  The  decrease  in  fuel-pump  throughput  for  kero- 
sene-type  fuel  in  climbing,  and  the  drop  in  fuel-line  pressure  will  be 
slight  (10-155^)  j  while  for  gasoline-type  fuel,  the  pump  flowthrough 
will  decrease  by  30-40$^  [5]. 

For  fuels  having  high  vapor  pressure,  pumps  2-4  times  larger  are 
needed  than  for  kerosene-type  fuels.  Moreover,  gasoline-type  fuels 
require  more  powerful  auxiliary  pumps. 

Solubility  of  Air  in  VRD  Fuels 

When  a  Jet  aircraft  climbs  rapidly  to  a  high  altitude,  at  a  spe¬ 
cific  moment  sudden  foaming  of  the  fuel  and  ejection  of  part  of  it 
from  the  tank  thi'ough  openings  and  valves  will  be  observed.  These  phe¬ 
nomena  are  connected  with  the  sudden  evolution  of  dissolved  air  from 


the  fuel.  This  ooours  basically  when  the  engine  operates  with  high- 
boiling  kerosene -type  fuels,  with  a  low  content  of  low-bolllng  com¬ 
ponents.  When  an  aircraft  climbs,  dissolved  air  will  also  escape  'i‘<  n- 
low-boiling  fuels;  its  liberation,  however,  occurs  uniformly  dur^  ■ 


TABLE  157 


Solubility  of  Air  in  Fuels  as  a  Function 
of  Their  Characteristics 


1 

n.lOTnOCTb 
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BflSKocTb  npn 
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Doanyxa  iipn  21* 
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%  061i0UB. 
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.  3C8 
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9.05 

0,870  1  ■> 

17,5 

26,8 

9.70 

0,7S0  tv 

1.7 

23.4 

17.20 

0,723 

0,Q 

18.4 

22,80 

1)  Density  at  21^,  g/cm^;  2)  viscosity  at 
21q,  centistokes;  3)  surface  tension  at 
21  ,  dynes/cmj  4)  solubility  of  air  at  21° 
and  760  mm  Hg,  by  volume. 


TABLE  158 


Quantity  of  Air  and  Rate  of  Evolution  from  VRD 
Fuels  in  Climbing 


1  Bu'OTa 
-noacTa, 

KM 

3  nMncflpnilo  B03Ayxa  <»  % 
oGioml.)  npn  Kostt^nuneuTe 
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2,4 
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1.5 

a, 9 

7,5 

4.5 

2,5 

1.5 
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2,5 

1.5 

8,1 
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11.1 
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1)  Plight  altitude,  km;  2)  evolution  of  air  (in  $6 
by  volume)  for  solubility  factor  of;  3)  rate  of 
evolution  of  air  (in  ml/lOO  ml  Ion)  from  fuel  with 
solubility  factor  of. 


the  flight,  and  the  volume  of  air  liberated  is  slight  in  comc^lson 
with  the  volume  of  fuel  vapors  forming. 

There  is  relatively  little  air  dissolved  in  VRD  fuels.  Gaaollne- 
type  fuels  have  roughly  20  to  2.%  air  in  solution,  by  volume,  and 
kerosene-type  fuels  from  I3  to  15^  by  volume  [l]. 

An  investigation  of  aii  solubility  in  VRD  fuels  of  different 
chemical  compositions  has  shown  that  the  solubility  of  air  depends 
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upon  the  surface  tension,  density,  and  viscosity  of  the  fuels.  As  the 
surface  tension,  density,  and  viscosity  increase  (Table  157)  the  solu¬ 
bility  of  air  in  the  fuels  drops.  Aromatic  hydrocarbons  with  low  boil¬ 
ing  points  have  high  surface  tension  and  correspondingly  lower  air 
solubility  than  do  paraffin  fractions  with  the  same  boiling  points. 

The  amount  of  moisture  dissolved  in  the  fuel  also  affects  the 
solubility  of  air.  In  the  presence  of  moisture,  the  air -solubility 
factor  rises  from  0,0191  to  0.021.  Consequently,  at  low  atmospheric 
pressure  somewhat  more  air  is  liberated  from  a  wet  VRD  fuel  than  from 
a  dry  fuel. 

It  has  been  established  that  the  cause  of  the  sudden  liberation 
of  air  from  a  fuel  is  the  state  of  supersaturation  of  the  fuel  by  air 
during  the  rapid  ascent  of  the  aircraft  to  a  great  height.  I<  r  certain 
heavy  hydrocarbon  mixtures,  it  is  i)osslble  to  obtain  air  superaatura- 
tion  up  to  lOOJ^.  The  vigorous  evolution  of  air  from  a  supersaturated 
fuel  commences  at  a  great  height  owing  to  the  rapid  mixing  of  the 
fuel.  When  the  fuel  is  mixed,  the  rate  of  air  liberation  is  several 
thousand  times  greater  than  in  a  calm  state  [7]. 

Experiments  have  shown  that  in  a  fuel  tank  90^  full  at  a  climb 
rate  of  7620  m/mln  with  constant  rapid  mixing,  air  is  liberated  from 
saturated  kerosene  unlfoi'mly  at  an  altitude  of  2440-3050  m,  while  at 
an  altitude  of  18,300  m,  air  evolution  ceases  owing  to  the  onset  of 
equilibrium.  Under  similar  conditions,  without  mixing,  no  evolution  of 
air  Is  observed.  When  the  flight  celling  Is  reached,  however,  follow¬ 
ing  rapid  brief  mixing  vlgoi^ous  evolution  of  air  is  observed  leading 
to  gxx'at  turbulence  in  the  kerosene,  and  to  the  ejection  of  a  part  of 
the  fuel  from  the  tank.  If  only  mild  mixing  of  the  fuel  occux’S,  vig¬ 
orous  evolution  of  air  Is  not  observed  even  at  the  celling  altitude. 

The  fuel  will  not  be  supersaturated  with  air  if  the  fuel  is  vl  > 


orously  mixed  while  the  aircraft  Is  climbing.  Here^  as  we  can  see  from 
Table  15dj  the  air  is  given  off  at  a  constant  rate  that  is  independent 
of  the  flight  altitude.  The  absolute  quantity  of  air  escaping  varies 
as  a  function  of  flight  altitude  and  the  solubility  of  the  air  in  the 
fuel. 

The  solubilities  in  the  fuel  of  the  oxygen^  nitrogen,  and  inert 
gases  making  up  the  air  differ.  At  15.5*^*  the  solubility  factor  for 
o^orgen  in  kerosene-type  fuel  equals  O.0285,  and  it  is  0.0157  for  ni¬ 
trogen.  As  a  result,  oxygen  is  dissolved  in  the  fuel  in  greater  pro¬ 
portions  than  it  is  contained  in  the  air. 
Thus  the  gaseous  mixture  evolving  from  the 
fuel  is  richer  in  oxygen  than  ordinatry  air. 
The  volumetric  ratio  of  nitrogen  to  oxygen 
amounts  to  2.07:1  in  this  gas,  while  for  air 
it  is  3.76:1.  Figure  197  shows  that  this 
phencaaenon  effects  the  change  in  the  detona¬ 
tion  points  of  mixtures  formed  with  vapors 
of  kei'osene-type  VRD  fuels.  It  has  been  es¬ 
tablished  that  the  gas  escaping  from  a  kero¬ 
sene  -type  fuel  does  not  create  a  major  ex¬ 
plosion  hasard.  A  gas  with  Increased  oxygen 
content,  however,  is  a  moi*e  aggressive  me¬ 
dium  with  respect  to  corjvsion  of  materials  in  the  engine  i^iel-system 
units  thajit  is  oi^d inary  air. 

It  has  been  suggested  that  foaming  of  Jet  fuels  be  prevented  by 
adding  to  them  fluorine  compounds  of  allp^'.atic  hydrocarbons  with  from 
8  to  30  carbon  atcias,  boiling  at  120-130^  (10  mm  tig)  (81.  In  order  to 
improve  the  dispersion  of  sediments  of  this  type,  sodium  dioctyl  sul- 
fosucclnate  is  added  tc  them.  When  0.0755^  such  additives  are  pre- 
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Fig.  197.  Detonation 
limits  for  mixtures 
of  kerosene-type  fuel 
vapors  with  ordinary 
air,  and  with  gas  ©3- 
capltig  Vvmix  fuel.  1) 
With  airj  2)  with 
evolving  gas  enriched 
with  oxygen;  3) 
height,  km;  4)  temp¬ 
erature. 


sent  In  a  Jet  fuel,  the  column  of  foam  forming  at  a  specific  vacuum  in 
the  fuel  drops  from  761  mm  to  12  mm. 

Corrosion  Aggressiveness  of  VRD  Fuels 


During  operation  of  VRD,  fuels,  and  especially  those  with  a  con¬ 
siderable  content  of  sulfur  compounds,  cause  corrosion  of  parts  in 
several  engine  units.  Two  types  of  engine  corrosion  are  distinguished: 

1)  liquid-phase  corrosion  of  fuel-system  elements; 

2)  high -temperature  gas  corrosion  of  combust ion -chamber  walls, 
exit  nozzle,  and  gas-turbine  parts. 

Liquid -phase  corrosion  of  fuel-system  element  parts  (fuel  pumps, 
barometric  regulator,  automatic  fuel  distributor,  filters,  throttle 
valve)  is  manifested  in  chemical  and  electrochemical  processes.  Chem¬ 
ical  corrosion  occurs  under  the  direct  chemical  interaction  of  cor¬ 
rosive  active  substances  contained  in  the  fuel  with  metals  or  alloys 
used  to  manufacture  fuel-system  element  parts.  Many  fuel-system  ele¬ 
ment  parts  are  made  from  copper,  nickel,  or  their  alloys,  and  many  are 
cadmium  plated;  all  of  these  materials  are  liable  to  chemical  corro¬ 
sion. 

Corrosion  is  most  frequently  noted  in  the  nonworking  surfaces  of 
rotors,  the  end  sections  of  the  servo-piston  spring  and  the  fuel-pump 
input -filter  springs,  the  barostat  springs,  screen  filters,  etc. 

There  have  been  many  studies  of  the  corrosion  aggressiveness  of 
VRD  fuels  in  the  liquid  phase  [9,  10,  11]. 

There  has  now  been  developed  a  complex  method  for  evaluating  the 
corrosion  eiggressiveness  of  VRD  fuels,  which  makes  it  possible  to  de- 
tormlne  not  only  the  weight  lose  of  metal,  but  also  the  magnitude  of 
corrosion  deposits  on  a  metal  surface  and  the  corrosion  sediments  In 
fuels  [9]* 


Corrosion  under  the  Influence  of  fuel  components 

Sulfur  compounds  are  the  basic  corrosion-active  components  of 
VRD  fuels.  Fuel  hydrocarbons  and  oxygen  compounds,  however,  also  af¬ 
fect  the  corrosion  aggressiveness  of  sulferous  fuels.  Thus,  aromatic 
hydrocarbons  are  capable  of  decreasing  considerably  the  corrosion  of 
certain  metals  under  the  Influence  of  organic  acids,  while  paraffin 
hydrocarbons  do  not  possess  this  property  [12], 

Araong  the  sulfur  compounds  of  kerosene  distillates,  the  corro¬ 
sion-active  compounds  are  hydrogen  sulfide,  elementeiry  sulfur,  and  the 
mercaptans.  Commercial  VRD  fuels  contain  no  hydrogen  sulfide  after  re¬ 
fining.  Thus,  the  corrosion  aggressiveness  of  VRD  fuels  of  the  TS-1 
and  T-2  types  depend  chiefly  upon  the  elementary  sulfur  and  mercaptans 
contained  in  them  (Table  159). 

Elementary  sulfur  causes  corrosion  mainly  of  fuel -apparatus  parts 
made  from  copper  alloys;  cadmium  or  zinc  coatings  are  not  effective. 
Figure  198  shows  graphically  the  effect  of  elementary  sulfur  on  cor¬ 
rosion  and  the  amount  of  corrosion  deposits  for  VB-24  antimony  bronze 
[13].  The  data  given  show  that  corrosion  and  deposits  on  the  bronze 
increase  sharply  where  the  elementary -sulfur  content  of  the  fuel  is 
greater  than  0.0025(5,  The  corrosion  process  is  accompanied  first  by 
destruction  of  t.je  bronze  surface,  aiid  then  considerable  corrosion  de¬ 
posits,  black  in  color,  are  formed  on  the  bronze  (Table  I60) ;  the  de¬ 
posits  subsequently  separate  from  the  surface  and  accumulate  in  the 
fuel  as  black  insoluble  sediments.  The  more  elementary  sulfur  con¬ 
tained  in  a  fuel,  the  more  vigorously  these  processes  occur. 

The  process  ol”  copper-alloy  corrosion  under  the  influence  of  ele¬ 
mentary  sulfur  cannot  be  considered  Just  as  a  process  occurring  on  the 
metal  surface.  The  study  of  Ya.B.  Chertkov  and  A.T.  Govorov  [14]  car- 
ried  out  with  the  aid  of  radioactive  sulfur  S  has  shown  that  the 
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TABLE  159 

Corrosion  Aggressiveness  of  VRD  Fuels  Obtained 
from  Sulfurous  Petroleums* 


1)  Fuel;  2)  sulfur  In  form  of;  3)  elementary 
sulfur;  4)  mercaptans;  5)  corrosion  of  "73-24 
bronze,  g/m^;  6)  deposits  on  bronze,  g/m2j  7)  sed 
iments,  mg/lOO  ml;  8)  the  same. 


Fig.  198.  Effect  of  elementary 
sulfur  on  corrosion  and  corrosion 
deposits  for  VB-24  bronze.  1}  Ba¬ 
ku  T-1;  II)  Grozniy  T-1;  III)  TS-1. 

1)  Weight  loss  of  metal,  g/m^;  2) 
deposits  on  metal,  g/m^;  3)  elemen¬ 
tary-sulfur  content, 

basic  mass  of  elementary  sulfur  in  the  fuel  penetrates  within  the  al¬ 
loy  and  then  proceeds  to  interact  with  its  components  and  to  destroy 
its  initial  structure.  As  Table  I6I  shows,  at  temperatures  of  ]20  and 
150°,  about  50-95^  of  all  the  elementary  sulfur  present  in  the 


TAEIJ2  160 

CorroBion  of  VB-24  Bronze  UncJer  Influence  of 
Elementary  Sulfur 
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% 
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3 
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0 
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5,0 

7,0 

,  ! 

0,010 

8,1 

12,0 

t 

0,015 

12,0 

19,0 

'‘V 

• » I t;'? ' 

l)  Elementary -sulfur  concentration,  2)  cor¬ 
rosion,  3)  deposits,  g/m^j  4)  surface  con¬ 

ditions;  5)  no  elementary  sulfur. 


appears  within  V15-24,  VB-24N,  and  VB-24NTb  bronzes.  An  increase  in 
fuel  temperature  from  120  to  150*^  leads  to  an  Increase  in  the  migra¬ 


tion  of  sulfur  within  the  alloy.  Accordingly,  considerably  less  sulfur 
accumulates  in  the  deposits  forming  upon  the  metal  surface  at  the  150° 


TABLE  161 

Distribution  of  Elementary  Sulfur  in  Corrosion  of 
Various  Grades  of  Bronze  in  VRD  Fuel 
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PaeopeAeJieaue 
cepH  noene 
BcnuraBHfl 
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0,3 
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0,1 
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0,1 
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0,3 
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0,3 

0,3 
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0,3 

0,4 

7T9Mnepatypa  150° 


0  B  cnaaBB  .  .  . 

7  B  OTBomeBBiix  . 

10  B  ooaARax  ... 

11  B  TOIUIRBe  .  . 


93,1 

90,3 

83,7 

93,5 

6,5 

9,3 

15,9 

6.1 

0,1 

0.1 

0.1 

0,1 

0,3 

0,3 

, 

03 

0,3 

89,5 

89,8 

94,6 

93.7 

10,6 

9,7 

5,0 

5,9 

0,1 

0,1 

0.1 

0,1 

0.3 

0,4 

0,3 

0,3 

91,8 

7.7 

0.1 

0.4 


1)  Distribution  of  sulfur  after  testing;  2)  VB-24 
bronze;  3)  VB-24N  bronze  (nickel);  4)  VB-24NTS 
bronze  (nickel-zinc);  5)  initial  concentration  of 
elementary  sulfur  in  fuel,  6)  temperature  120*^; 
7)  temperature  150®;  8)  in  alloy;  9)  in  deposits; 
10)  in  sediments;  11)  in  fuel;  12)  traces. 
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TABLE  162 


Effect  of  Mercaptan  Sulfur  on  Corrosion  Aggres¬ 
siveness  of  TS-1  and  T-2  Fuel  (at  60°  after 
100  hr) 


1  HcXOAHOO  TOn.lBBO 
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[Key  on  following  page] 
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[Key  to  Table  162];  1)  Initial  fuel;  2)  copper;  3)  VB-24  bronze;  4) 
sulfur  content,  5)  total;  6)  including  mercaptan  sulfur:  7)  mercap¬ 
tan-sulfur  content  after  testing.  5^;  "B)  corrosion,  g/m2;  9)  mercaptan- 
sulfur  content  "after  test,  10;  corrosion,  g/m2;  ll)  TS-1  fuel;  12) 
none;  I3)  T-2  fuel. 

temperature. 

The  process  of  bronae-alloy  corrosion  under  the  Influence  of  ele¬ 
mentary  sulfur  occurs  so  vigorously  that  nearly  all  of  the  elementary 
sulfur  is  rapidly  taken  out  of  the  fuel.  'VB-24  bronzes  act  as  a  sort 
of  "sponge,"  totally  absorbing  the  elementary  sulfur  from  the  fuels. 
The  addition  of  nickel  and  zinc  alloying  elements  to  ■VB-24  bronze  re¬ 
sults  in  almost  no  retardation  of  this  process. 

Serious  operating  difficulties  appear  when  fuels  are  used  that 
have  elevated  corrosion  aggressiveness  owing  to  the  presence  of  mer¬ 
captan  sulfur  in  them.  Bronze  and  cadmium  parts  of  'VRD  fuel  apparatus 
prove  to  be  extremely  sensitive  to  the  action  of  mercaptan  sulfur. 

Thus,  under  engine  operating  conditions  in  areas  of  high  air  humidity, 
the  formation  of  gelatinous  deposits  on  cadmium  surfaces  of  fuel -pump 
parts  has  been  noticed;  in  many  cases,  these  deposits  disturbed  fuel- 
system  operation  [15].  During  bench  tests  of  TS-1  and  T-2  fuels  with 
increased  mercaptan -sulfur  content,  it  was  noted  that  corrosion  of 
bronze  engine  fuel -apparatus  jjarts  occurred.  As  a  result,  there  was 
abrasion  of  bronze  thrust  bearings  for  pistons,  and  corrosion  deposits 
formed  on  the  surface  of  the  fuel-pump  rotor.  A  portion  of  the  corro¬ 
sion  deposits,  entering  the  fuel,  clogs  nozzle  passages,  impairing 
dispersion  of  the  fuel  and  increasing  carbon  deposits  in  the  combus¬ 
tion  chambers.  The  carbon  causes  buckling  and  splitting  of  fire  tubes. 
Cases  were  observed  in  which  sediments  of  corrosion  origin  disturbed 
operation  of  the  fuel  regulators.  Thus,  in  one  case  the  deposition  of 
corrosion  sediments  on  a  governor  valve  caused  a  fuel  leak,  and  led  to 
a  reduction  in  engine  speed  during  takeoff. 


Mercaptans,  contained  In  TS-1  and  T-2  fuels  chiefly  cause  corro¬ 
sion  of  copper,  VB-24  bronze,  and  cadmium.  Steels,  aluminum  alloys, 
and  Br  AZhN-10-4-4  bronze  are  not  subject  to  corrosion  by  mercaptans 
at  the  ambient  air  temperature.  The  corrosion  aggressiveness  of  fuels 
Increases  as  the  mercaptan-sulfur  content  rises  (Table  l62)  [ip]* 


Bpenn,  •acu 

Pig.  199.  Corrosion  of  non- 
ferrous  metals  and  their 
alloys  in  VRD  fuels  at 
temperatures  of  100-120  . 

1)  Sulfurous  TS-1  and  T-2 
fuels j  2)  nonsulfurous  T-1 
and  T-5  fuels;  3)  corro¬ 
sion;  4)  time,  hr. 


VB-24  bronze  suffers  the  most 
corrosion  under  the  influencu  of  mer¬ 
captans.  Corrosion  of  VB-24  bronze  is 
accompanied  by  a  drop  in  the  fuel  mer¬ 
captan  sulfur  content.  Thus,  In  fuels 
containing  up  to  0.  Olj^  uiercaptan  sul¬ 
fur,  the  mercaptans  are  completely 
gone  after  100  hr.  VJhere  the  mercaptan 
sulfur  content  Is  greater  than  0. 0255^> 
only  a  portion  of  the  mercaptans  con- 


TABLE  163 


Effect  of  Bolling  Range  on  Corrosion  tig- 
gresslveness  of  Mercaptans  In  VRD  Fuels 
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1)  Distillation  range,  degrees;  2)  mer¬ 
captan  sulfur  content  in  initial  fuel, 

3)  mercaptan  sulfur  contentpafter  testing, 
%i  4)  copper  corrosion,  g/vT;  5)  none. 


tained  in  the  fuel  can  react  in  this  period  of  time.  Mercaptans  vanish 
completely  from  these  fuels  when  in  contact  with  VB-24  bronze  only  af¬ 
ter  150-200  hr.  After  this,  the  fuel  is  not  able  to  corrode  nonferrous 
metals.  Consequently,  the  general  regular  course  of  the  corrosion 
prooesa  in  sulfuroua  fuels  can  be  expressed  by  the  curve  shown  In  Fig. 
199. 

The  mercaptans  present  in  TS-1  and  T-2  fuels  possess  various  de¬ 
grees  of  corrosion  aggressiveness.  It  is  clear  from  the  data  of  Table 
163  that  the  corrosion  aggressiveness  of  the  130-240®  fraction  is  con¬ 
siderably  less  than  that  of  the  6O-I3O®  fraction,  for  this  same  mer¬ 
captan  content. 

When  the  200-300®  fraction  was  studied,  despite  its  high  mercap¬ 
tan  sulfur  content  (0.137$^),  corrosion  of  VB-24  bronze  at  a  tempera¬ 
ture  of  120®  did  not  occur.  Consequently,  as  the  distillation  tempera¬ 
ture  of  the  mercaptans  Increases,  their  corrosion  aggressiveness  drops. 
In  this  connection,  the  mercaptans  of  the  gas -oil  fractions  can  be 
classified  as  neutral  sulfur  compounds. 

The  corrosion  aggressiveness  of  VRD-fuel  mercaptans  depends  not 
only  upon  the  distillation  temperatures,  but  also  upon  the  chemical 
structure.  Ya.B.  Chertkov,  V.N.  Zrelov,  and  V.M.  Shchagln  [I6]  have 
studied  the  corrosion  aggressiveness  of  mercaptans  in  the  aliphatic 
and  aromatic  series.  The  results  of  the  studies,  shown  In  Table  l64. 
Indicate  that  the  greatest  corrosion  ability  is  possessed  by  mercap¬ 
tans  of  aliphatic  structure,  and  the  least  by  the  aromatic  mercaptans 
in  which  the  thiol  radical  Is  attached  directly  to  the  ring.  The  aro¬ 
matic  mercaptans,  in  which  the  thiol  radical  occurs  In  side  chains 
occupies  an  intemediate  position. 

As  a  consequence,  the  corrosion  aggressiveness  of  fuels  will  de¬ 
pend  upon  the  chemical  structure  of  the  mercaptans  present  in  Uiem.  In 
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straight -distilled  fuels  of  the  TS-1  and  T-2  types,  the  mercaptans 
present  are  chiefly  of  aliphatic  structure  and  possess  high  corrosion 
aggressiveness,  while  the  cracked  fuels  have  mercaptans  of  aromatic 
structure  with  thiol  radical  attached  to  the  aromatic  ring  [9], 

In  fuels  formed  by  blending  straight-run  and  cracked  distillates, 
mercaptans  from  both  groups  may  be  present.  The  corrosion  aggressive- 
ness  of  such  a  blended  fuel  will  depend  upon  the  relationship  between 
the  aliphatic  and  aromatic  mercaptans. 

Ya.B.  Chertkov,  V.N.  Zrelov,  and  R. D.  Obolentsev  [17]  have 
studied  the  effect  upon  corrosion  of  "73-24  and  VB-24N  bronzes  at  temp¬ 
eratures  of  120  and  150°  of  individual  sulfur  compounds  (sulfides, 
thlophanes,  and  thiophenes).  Sulfur  compounds  that  could  occur  in  VRD 
fuels  were  taken  for  the  study.  The  results  of  the  investigation 
showed  that  the  thlophanes,  dibenzothiophenes ,  and  the  majority  of 
sulfides  caused  no  noticeable  bronze  corrosion  at  120  or  150°.  Dlben- 
zyl  sulfide  and  methyl  benzyl  siilflde  form  an  exception.  At  tempera¬ 
tures  of  150°,  these  compounds  cause  corrosion  of  VB-24N  bronze,  and 
form  deposits  on  its  surface.  This  fact  indicates  that  at  a  tempera¬ 
ture  of  150°  these  compounds  break  down  and  form  corrosively  active 
compounds.  A  similar  picture  is  observed  when  the  corrosion  activity 
of  type  T-5  fuel  with  an  Increeised  sulfur  content  (1.42$^)  is  studied. 
At  a  temperature  of  120°,  this  fuel  does  not  corrode  bronze,  while  at 
a  temperature  of  150°,  owing  to  the  decomposition  of  certain  sulfur 
compounds,  considerable  corrosion  does  occur,  accompanied  by  the  for¬ 
mation  of  copious  corrosion  deposits. 

CorrctioA  of  VRD  fu«l -Apparatus  parts  manufactured  from  copper 
alloys  depends  not  only  upon  the  presence  of  mercaptans  in  the  fiv  1, 
but  also  upon  the  composition  of  the  fuel's  content  of  ojQrgen,  res¬ 
inous,  nitrogen,  and  other  compounds.  The  removal  of  oxygen  and  re:?- 
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l)  Mercaptansj  2)  concentration  in  white  spirit; 

3)  fomula;  4)  corrosion,  g/m^;  5)  deposits 
on  bronze,  g/ra^;  6)  bronze  surface;  7)  white 
spirit  without  mercaptans;  8)  nonylmercaptan. 


).045;  12) 
).530;  14) 


dlthioresorcin,  0.530. 


Inous  compounds  from  fuels  with  elevated  mercaptan  content  leads  to 
an  Increase  in  the  corrosion  aggressiveness  of  that  fuel.  The  oxygen 
and  resinous  compounds  contained  in  fuels  pi^oduced  by  thermal  cracking 
have  a  good  influence.  The  addition  of  these  ccxnpounds  to  TS-1  fuel 
con*‘alnlng  0.04?^  mercaptan  sulfur  shai’ply  deei’eases  its  corrosion 
oggressiveness  [16].  tn  the  abaenoe  of  oxygen  and  resinous  compounds, 
the  surface  of  the  bronao  is  coated  with  a  gold  film  that  protects  the 
bt'onze  from  corrosion  and  prevents  the  formation  of  con>oslon  deposit.. 


on  its  surface. 
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TABLE  165 

Effect  of  Additives  (0.055^  Concentration)  on  Cor¬ 
rosion  Aggressiveness  of  TS-1  and  T-2  Fuels  with 
Increased  Mercaptan  Sulfur  Content  (0.05^) 
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1)  Additives;  2)  corrosion*  3)  deposits* 

g/m2;  4)  sedliaents,  mg/lOO  ml;  5)  corrosion,  g/m^ 
6)  deposits,  g/ro2|  7)  sedlajents,  mg/lOO  ml;  8) 
aliphatic  monoamines;  9)  aliphatic  di-  and  noly- 
amines;  10)  primai'y  ai'OTiatlc  monoamines;  11)  sec¬ 
ondary  ai’omatlc  monoamines;  12)  tei’tlary  aromatic 
ominae;  IS)  primary  aromatic  dlaminea;  14)  imida- 
sollnes;  15)  initial  fuel;  I6)  ootadecylamine; 

17)  dloctadecylaiaine:  18)  hexamethyiene  diamine; 
19)  dlethylene  triamine;  20)  tetraethylene  pen- 
tamlno;  21)  n-hcxyiamiae;  22)  a-naphthyl  amine; 
23)  dlphenyl^amine;  24)  ^lenyl-a-napiithyl  amine; 
[key  continued  on  next  page] 


[Key  to  Table  I65  continued]!  25)  dimethyl  amine;  26)  diethyl  aniline; 
27)  a-phenylene  diamine;  28)  benzidine;  29)  2-alkyl  (Cq-Cto)  imidazo¬ 
line;  30)  1,4-dllmldazolyl  butane;  31)  TS-1.  ^ 

The  factor  responsible  for  the  corrosion-inhibiting  effect  of 
oxygen  and  resinous  compounds  in  cracked  kerosenes  is  their  content  of 
combined  sulfur-  and  nitrogen-substituted  heterocyclic  compounds.  In¬ 
vestigation  of  similar  compounds  of  the  tetrazole  and  pyrazollne  types 
has  shown  that  some  of  them  such  as  1 -phenyl -5-mercaptan  tetrazole  and 
l-thlocarbamide-3,5j5-trlmethyl  pyraizollne  are  effective  corrosion-in¬ 
hibiting  additives  which  sharply  reduce  the  corrosion  aggressiveness 
of  fuels  with  elevated  mercaptan  contents. 

In  the  presence  of  these  compounds,  a  protective  film  is  formed 
on  the  bronze  surface  that  protects  the  metal  against  corrosion.  This 
property  is  possessed  by  compounds  containing  nitrogen  and  sulfur  si¬ 
multaneously;  pyrazollnes  containing  nitrogen  alone,  such  as  4-amino- 
1 -phenyl  pyrazollne  are  not  corrosion  inhibitors. 

In  addition  to  these  compounds,  investigations  were  made  of  or¬ 
ganic  nitrogen  ccmipounds  in  the  group  of  nitrogenous  Dases  belonging 
to  the  aliphatic  mono-  and  polyamines,  the  aromatic  mono-  and  diamines ^ 
as  well  as  heterocyclic  compounds  of  the  imidazoline  type  [18],  Inves¬ 
tigation  has  shown  (Table  I63)  that  hexamethylene  diamine,  benzidine, 
and  2-alkyl  (C^-Ct^) -imidazoline  are  extremely  eii  ^otlvts  cor -oslon  in¬ 
hibitors  for  TS-1  and  T-2  fuels  with  incx  cased  mar captai. --sulfur  con¬ 
tents  (0.0595). 

It  was  established  in  the  atudy  of  binary  mixtures  of  nitrogen- 
containing  compounds  that  the  corroslon-ltUilbltinig  effect  of  the  com¬ 
pounds  mentioned  above  ie  increased  in  the  taajorlty  of  eases  in  the 
presence  of  several  nitrogenous  bases,  with  the  exception  of  phenyl- 
a-naphthyl amine  which  completely  passiv  ates  the  conH^sion-inhibitlrag 
effect  of  the  compounds. 
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Corrosion  of  VRD  fuel-unit  parts  depends  not  only  upon  the  pre¬ 
sence  of  corrosion -active  sulfur  compounds  in  the  fuel,  but  also  upon 
the  chemical  composition  of  the  alloys  from  which  these  parts  are 
made.  A  study  of  the  corrosion  of  bronze  having  various  chemical  com¬ 
positions  under  the  influsnoa  of  TS-1  and  T-2  fuels  with  increased 
mercaptan  contents  made  it  possible  to  establish  that  an  Increase  of 
the  amount  of  such  components  as  aluminum,  iron,  and  especially  nickel 
or  zinc  contained  in  the  bronze  sharply  increases  its  corrosion  sta¬ 
bility. 

Consequently,  in  using  fuels  made  from  sulfurous  petiK)leums,  cor¬ 
rosion  of  parts  made  from  nonferrous  metals  and  their  alloys  in  the  VRD 
fuel  system  can  be  prevented  by  removing  the  corrosion -active  sulfur 
compounds  from  the  fuels,  by  employing  corrosion -inhibiting  additives, 
and  by  selecting  an  alloy  chemical  composition  that  will  provide  cor¬ 
rosion  stability. 

Corrosion  Aggressiveness  of  Fuels  Contalrtng  Water 

The  electrochemical  corrosion  of  VRD  fuel-system  elements  is  ob¬ 
served  when  water  gets  into  these  units  in  the  form  of  an  individual 
phase.  Water  gets  into  an  engine  fuel  system  owing  to  the  fact  that 
kei'osene  and  wide-boiling  fuel  types  tend  to  absorb  moisture  from 
the  sur!N>unding  atmosphere.  The  klovq  aromatic  iiydrocai'bons  contained 
in  the  fuel  atid  the  gi^eater  the  humidity  and  temperature  of  the  out¬ 
side  air,  the  more  water  the  t'uel  will  absorb  rmsi  the  air. 

If  an  aircmft  carrying  fuel  stays  on  the  gt'ound  for  some  time, 
water  vapor  will  penetrate  the  fuel  tanks  thi'ough  the  vents.  With  the 
coming  of  night,  and  the  6vop  in  ambient  temperature,  the  water  vapoi^ 
will  and  condense  on  the  fuel -tank  walls  in  the  form  of  water 
drops  in  suaster  or  fi*ost  in  winter.  Frost  ©n  fuel-tank  walls  can  eas¬ 
ily  be  observed  in  winter  by  opcnlr.g  the  tank  vent  and  looking  In  af- 


ter  the  air  temperature  has  dropped.  The  ice  crystals  or  water  drops 
.that  form  drop  Into  the  fuel,  partly  dissolve  in  it,,  and  partly  are 
precipitated  on  fuel-t^k  sediment  traps.  The  less  fuel  in  the  tanks 
and  the  longer  the  airplane  stays  on  the  ground,  the  greater  the  amount 
of  water  getting  into  the  aircraft  fuel  system. 

When  the  engine  is  started,  the  water  enters  the  ducts  and  is 
carried  along  by  the  stream  of  fuel  through  the  entire  fuel  system, 
accumulating  in  the  fuel  elements  and  at  bends  in  the  ducts.  This  wa¬ 
ter,  after  being  enriched  by  corrosion-active  sulfur,  oxygen,  and 
other  compounds  from  the  fuel,  rapidly  corrodes  fuel-unit  parts  made 
from  various  grades  of  steel.  Such  corrosion  frequently  causes  serious 
disturbances  in  operation  for  even  failure  of  the  fuel  units.  Thus, 

G.  Shashkov  [19]  states  that  in  aircraft  operation  it  is  frequently 
necessary  to  contend  with  engine  malfunctions  caused  by  the  corrosive 
action  of  moisture  on  fuel-system  elements.  The  water,  getting  into 
the  fuel  pump,  corrodes  pistons,  sometimes  causing  them  to  seize  and 
bring  the  fuel  pump  to  a  halt.  In  this  case,  the  inclined  washer  of 
the  fuel  pump  may  be  liable  to  considerable  damage.  There  is  also  fre¬ 
quently  corrosion  of  pis t  ns  and  rod  of  the  fuel-pump  servo-piston, 
the  race  of  the  inner  ring,  and  the  pins  in  the  combination  fuel -pump 
bearing,  the  working  surface  of  the  governor  valve,  the  Inside  surface 
of  the  fuel-p\jmp  sphere  bearing,  the  aide  surface  of  the  governor -valve 
lever  axle,  the  rod  and  eccentric  ring  of  the  barometric  regulator, 
the  automatic  fuel -distribution  stop-valve  sleeve,  the  mixer  disk,  the 
mixer,  the  mixer  socket,  valve  seat  and  gear  axle  for  the  throttle - 
valve  lever,  the  low -throttle  needle,  etc. 

As  a  rule,  it  is  primarily  the  rubbing  parts  of  fuel  apparatus 
moving  with  intermittent  or  low  speeds  that  are  liable  to  corrosiou. 

Puel-system  element  parts  are  made  from  various  alloy  steels.  ':'!>  • 
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surfaces  of  these  parts  ai-.:  i;ubject  to  heat  treatment  and  chemical 
treatment  (hardening,  carburizing,  nltridlng,  etc. )  that  result  in  the 
formation  of  special  protective  layers  on  the  part  surfaces;  they  have 
a  substantial  effect  upon  the  corrosion  stability  of  steel  parts. 

The  corrosion  of  low-alloy  steels  in  the  presence  of  moisture  is 
accompanied  by  the  formation  of  quantities  of  finely  dispersed  brown 
suspended  matter,  chiefly  oxides  of  iron.  This  suspended  matter  easily 
gets  into  the  fuel,  owing  to  its  great  density,  and  clogs  filtering 
elements  and  precision  mating  parts.  In  the  latter  case,  these  depos¬ 
its  may  act  as  abrasives.  Increasing  wear  above  permissible  standards. 
Viscosity  Properties  of  VRD  Fuels 

One  of  the  most  Important  conditions  for  normal  operation  of  a 
VRD  combustion  chamber  is  the  degree  of  fuel  dispersion.  The  majority 
of  modern  VRD  employ  a  whirlpool -type  nozzle  to  disperse  the  fuel. 

Such  a  nozzle  has  a  swirl  chamber  in  which  the  fuel  is  supplied 
through  tangentially  arranged  apertures.  As  a  result,  the  fuel  eddies 
in  the  chamber  and  arrives  at  the  outlet  aperture  in  the  form  of  a 
stream,  within  which  there  is  a  core  of  air.  The  fuel  stream  leaves 
the  output  aperture  of  the  nozzle  in  the  form  of  a  hollow  cone  (Pig. 
200),  with  a  vertex  angle  of  about  90®  [20).  In  addition  to  structural 
peculiarities,  the  degree  of  dispersion  is  greatly  affected  by  the  sui'- 
face  tension  and  viscosity  of  the  fuel;  the  fuel  viscosity  is  of  the 
greatest  importance.  The  pumping  of  fuel  from  the  fuel  tanks  to  the 
combustion  chamber  and  tiie  operation  of  the  fuel -regulating  apparatus 
also  depends  upon  the  fuel  viscosity.  Ln  order  to  provide  the  required 
degree  of  dispersion,  the  upper  limit  placed  on  fuel  viscosity  should 
equal  no  more  than  6-10  centlstokes  at  a  temperature  of  — 40®.  In  order 
to  provide  reliable  pumpability  in  a  VRD  fuel  system,  the  fuel  vis¬ 
cosity  should  not  exceed  60  centlstokes  at  a  temperature  of  -40®.  When 
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these  limits  are  exceeded,  it  is  necessary  to  employ  speciaa.,  more' ef¬ 
ficient  nozzles,  more  powerful  pumps,  or  the  fuel  must  be  heated. 

Study  of  fuel -viscosity  variations 
as  a  function  of  temperature  show  that 
modern  VRD  fuels  up  to  kerosene  grade  in¬ 
clusively  have  the  necessary  viscosity 
values  for  any  working  temperatures  down 
to  -40°  (Pig.  201).  At  present,  however, 
a  tendency  is  visible  to  use  heavier  gas¬ 
oil  type  fuels  for  VRD.  Such  fuels  do 
not  possess  the  required  viscoslty-tem- 
perature  characteristics.  Thus,  their 

Fig.  200.  Photograph  show¬ 
ing  stream  of  fuel  dis-  viscosity  at  -40®  is  considerably  greater 

persed  by  whirlpool  noz¬ 
zle.  than  60  centlstokes,  which  greatly  com- 
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Pig.  201.  VRD  fuel  viscos¬ 
ity  as  a  function  of  tem¬ 
perature,  1)  T-1  fuel;  2) 
type.JP  =  1  Danish  fuel; 

3)  type  JP  •-  1  English 
fuel;  4)  TS-1  fuel;  5^ 

TS-2  fuel;  6)  type  JP'=  4 
Sv/edish  fuel;  7)  fuel  via* 
coslty,  centlstokss;  8)-- 
fuel  temperature,  ^0^ 


-plicatee- their  utilization.  • 

The  basic  types  of  hydrocarbons  con¬ 
tained  in  VRD  fuels  possess  nearly  iden¬ 
tical  viscosity  at  20°  [21,  22,  23],  An 
exception  is  formed  by  the  bicyclic  hy¬ 
drocarbons  whose  viscosity,  as  a  rule, 
is  greater  than  the  viscosity  of  other 
classes  of  hydrocarbons  with  the  same 
boiling  point.  As  the  boiling  point  in¬ 
creases,  the  viscosity  of  all  nydrocar- 
bon  groups  rises.  Thus,  where  the  boiling 
point  of  the  hydrocarbons  rises  from  100 
to  300°,  the  viscosity  increases  from 


0.005  to  0.05  poise.  As  Fig.  202  shows,  a  sharp  rise  in  viscosity  is 


observed  for  hydrocarbons  that  boil  at  temperatures  abo'tfe  200°. 


-  715 


so  m  m  180  2Z0  tso  soo 

2.  TeMPepamtjpa  i(uneHUft,*f 

Pig.  202,  Viscosity-temperature 
curve  for  VElD-fuel  hydrocarbons  V: 
in  accordance  with  their  struc¬ 
ture  and  boiling  point.  O)  Par¬ 
affins;  X)  naphthenes;  •)  mono¬ 
cyclic  aromatic  hydrocarbons;  . 

a)  bicyclic  aromatic  hydrocar¬ 
bons  ^  1)  Viscosity  at  20*^0. 
poises;  2)  boiling  point,  ®C.  . 

Ya.B.  Chertkov,  K.  I.  Klimov,  and  V.  N.  Zrelov  f22]  have  investi¬ 
gated  the  viscosity  properties  at  low  temperature  of  hydrocarbons  hav¬ 
ing  the  same  chemical  composition,  isolated  from  50-degree  fractions 
of  T-1,  TS-1,  and  T-2  fuels.  The  investigation  showed  that  hydrocar¬ 
bons  boiling  at  up  to  200°  have  viscosities  at  a  temperature  of  — 4o° 
lower  than  10  centistokes,  which  provide  satisfactory  fuel  dlsper-sion 
under  working  conditions.  Hydrocarbons  that  boll  above  200°  have  vis¬ 
cosities  greater  than  10  centis''  okes.  Combinations  of  hydrocarbons 
boiling  up  to  200°  and  at  200-350°  will  produce  a  fuel  having  the  re¬ 
quired  viscosity  at  -40°C. 

CARBON-FORMING  CAPABILITY  OF  VRD  FUELS 

“onder  operating  conditions  in  a  jet  engine,  carbon  deposits  are 
observed. 

When  a  VRD  is  operated  with  commercial  T-1,  TS-1,  and  T-2  fuels, 


the  amount  of  carbon  that  forms  in  the  combustion  chambers  is  slight 
and  normally  has  no  negative  effect  upon  engine  operation.  At  the  pres 
ent  tiiiG,  however,  the  problem  of  carbon  formtion  in  "VRD  looms  large 
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Pig.  203.  Deposit  of  carbon  in 
TRD  combustion  chamber  (air¬ 
craft  flying  at  altitude  of  9 
km  for  20  hr,  wide -boiling  type 
fuel  used). 


TABLE  166 

Increase  in. Carbon  Deposited  in  TRD  Combustion 
Chamber  Using  T-i  Fuel 
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1)  Point  of  deposition  of  carbon;  2)  amount  of 
carbon  (g)  after;  3)  RD-45  engine;  4)  at  fire 
tubes;  5)  at  noazle;  6)  VK-1  engine;  7)  hours. 


in  connection  with  the  tendency  toward  employing  heavier  gas-oil  type 
fuels  in  VRD.  These  fuels  contain  a  considerable  quantity  of  bi-  and 
tricyclic  aromatic  hydrocarbons  that  have  a  greater  tendency  toward 
carbon  formation. 

Soot-type  and  colte-type  carbon  deposits  are  encountered.  Deposits 
are  formed  on  the  fire -tube  walls  in  the  combustion  chamber  (Pig.  203) 
on  the  nozzles  (Pig.  204),  and  on  the  plugs.  In  engines  using  prelim. 


-  717  - 


Pig.  204.  Carton  deposits 
on  fuel  nozzles  of  TRD 
operating  with  T-1  fuel. 


inary  fuel  vaporization,  carbon  is  de¬ 
posited  on  the  vaporizer  (Pig.  205)  [24]. 

The  amount  of  carbon  deposited  in¬ 
creases  with  the  engine  operating  time, 

-as  Table  l66  shows.  The  rate  of  carbon 
"formation  on  nozzles  remains  constant  in 
time,  while  at  the  fire -tube  walls,  the 
carbon  is  first  deposited  at  a  constant 
rate,  and  then  after  50hrsof  operation, 
the  rate  of  carbon  deposition  rises 
sharply. 

When  finely  dispersed  fuel  is  b\arned, 
the  carbon  is  deposited  in  zones  near  the 
nozzle.  With  rough  dispersion,  the  car¬ 
bon  is  deposited  near  the  combustion- 
chamber  outlet,  l.e.,  as  the  drop  size 
of  the  dispersed  fuel  increases,  the 
carbon-formation  zone  shifts  toward  the 


combustion-chamber  outlet. 

Pig.  205.  Formation  of 

carbon  on  vaporizer  of  The  amount  of  carbon  formed  de- 

TRD  (aircraft  flying  at 

altitude  of  6  km  for  6  hr,  creases  for  a  more  finely  dispersed  fuel, 
gas-oil  type  fuel). 

Thus,  a  fuel  containing  905^  aromatic  hy¬ 
drocarbons  produces  650  times  more  carbon  when  used  with  a  nozzle  hav¬ 
ing  a  flow  number  of  I.65  (large  drops)  than  with  a  nozzle  having  a 
flow  number  of  0.9  (fine  drops)  [20]. 

Carbon  deposited  on  fuel  nozzles  Impairs  fusl  disparslon,  distorts 
the  flame  front  and  structure,  and  also  impairs  fuel  combustion. 

Distortion  of  flame  structure  and  form  in  turn  may  cause  the  flame 
to  shift,  leading  to  deposition  of  carbon  on  the  fire -tube  walla.  As  a 
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Pig.  207.  Buckling  and  cracking  of 
VRD  flame  tube. 

rule,  as  Fig.  206  shows,  carbon  is  deposited  in  the  inlet  zone  of  the 
primary-air  chamber  around  holes  designed  for  this  purpose  [15].  The 
carbon  deposited  in  this  zone  is  of  the  coke  type,  and  it  sometimes 
reaches  3-^  om  in  thickness. 

The  appearance  of  local  carbon  deposits  on  the  fire  tubes  creates 
a  large  local  temperature  gradient  on  their  walls,  leading  to  the 
formation  of  local  stresses;  this  may  cause  buckling,  and  sometimes 
oven  oraoking  of  tht  fire-tubt  walls  (Fig.  207). 

Noticeable  buckling  of  fire  tubes  is  also  seen  in  tests  of  a  fuel 
with  high  carbon-forming  ability  after  a  30-hr  flight  [5]. 

While  the  chamber  is  in  operation,  pieces  of  the  carbon  deposv  *. 


may  break  loose  from  the  walls  and,  passing  into  the  gas  turbine,  can 
block  the  turbine  nozzles  and  erode  the  turbine  blades. 


The  structure  of  the  gas  flow  in  the  combustion  chamber  has  a  con¬ 
siderable  effect  upon  the  carbon -f owning  ability  of  a  fuel.  If  a  spe¬ 
cial  air  stream  is  directed  along  the  fire -tube  walls,  there  will  be  a 
sliarp  decrease  in  the  amount  of  carbon  deposited  upon  the  combustion- 
chamber  walls.  This  has  been  confirmed  experimentally  on  a  small-scale 
TRD  chamber;  the  results  are  shown  below. 
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1)  Carbon  deposit:  2)  amount  of  carbon  (g)  af¬ 
ter;  3)  minutes;  4)  no  air  flow  along  walls; 

5)  with  air  flow  along  walls). 


This  measure  is  one  of  the  most  Important  steps  that  can  be  taken 
to  avoid  carbon  deposition  on  combustion-chamber  walls. 

The  following  factors  affect  the  formation  of  carbon  in  fire  tubes 

1)  the  ratio  of  the  weights  of  air  and  fuel  in  the  prljnary  combus¬ 
tion  zone; 

2)  the  dynamic  pressure  of  the  entering  air; 

3)  the  degree  of  dispersion  of  the  fuel; 

4)  the  structure  of  the  gas  flow  in  the  primary  combustion  zone; 

5)  the  temperature  of  the  fire -tube  walls; 

6)  the  chemical  composition  of  the  fuel. 

Btruoturt  of  the  omrbon  makes  it  poseible  to  form  an  opinion 
as  to  the  factors  responsible  for  the  carbon  deposition.  If  the  de¬ 
posit  lias  the  structure  of  ainorphois  carbon  which,  as  we  know,  forms  at 
low  pressures  and  temperatures  with  an  excess  of  oxygen,  the  factor 
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causing  carbon  to  be  deposited  will  be  found  in  an  imperfect  cycle 
and  the  engine  design.  Such  a  pattern  was  observed  In  the  first  models 
of  air- reaction  engines.  In  modern  TRD,  carbon  comes  In  the  form  of 
pure  graphite-type  carbon.  This  Indicates  that  the  cause  for  formation 
of  the  carbon  Is  not  poor  organization  of  the  combustion  cycle  but  the 
chemical  composition  of  the  fuel. 

Evaluating  the  Carbon-Forming  Ability  of  a  Fuel 

In  order  to  evaluate  the  carbon-forming  ability  of  fuels  In  a 
full-sized  engine,  it  is  necessary  to  use  considerable  fuel  and  a  large 


Fig.  208.  Diagram  showing  single-chamber  In¬ 
stallation  for  evaluating  carbon-forming  capa¬ 
bility  of  VRD  fuels,  l)  Combustion  chamber;  2) 
force  pump;  3)  electric  motor;  4)  reducer;  5) 
electric  heater;  6)  fuel  tanks;  7)  sample  take¬ 
off;  8)  fuel  pump;  9)  magneto;  10)  pressure 
gauge;  11)  differential  manometer;  12)  nozzle; 


13) 

18 


thermometer;  14)  temperature  regulator; 
nozzle;  16}  thermocouples;  17)  spark  plug; 
filter;  19)  throttle  valve,  l)  Fuel;  II) 


air;  III)  gases  In  atmosphere. 


amount  of  time.  Thus,  there  Is  a  present  tendency  toward  creating  small 
laboratory  dtvlooi  and  Installations  that  make  it  possible  to  evaluate 
carbon-forming  ability  with  a  small  quantity  of  fuel  within  a  short 
jwriod  of  time.  These  Installations  sometimes  resemble  in  their  dimen¬ 
sions  the  widely  known  single-cylinder  installations  used  to  determin. 
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the  antiknock  properties  of  gasoline;  sometimes  they  take  the  form  of 
small  glass  laboratory  devices. 

Single -chamber  installations  for  determining  the  carbon -forming 
ability  of  fuels  were  developed  by  Ye.R.  Tereshchenko  (Pig.  208)  [26] 
and  by  Williams  [27 ]•  As  a  rule^  a  single -chamber  installation  con¬ 
sists  of  a  small-scale  combustion  chamber,  an  air  compressor,  a  system 
for  metering  and  supplying  fuel,  and  accessories  used  to  analyze  the 
exhaust  gases.  The  carbon-forming  ability  of  a  fuel  is  evaluated  either 
on  the  basis  of  an  analysis  of  the  exhaust  gases  and  a  determination 
of  their  carbon  content,  or  on  the  basis  of  a  quantitative  measurement 
of  the  carbon  deposited  on  the  flame-tube  walls  by  weighing  the  cham¬ 
ber  before  and  after  a  specified  test  period. 

Some  of  these  installations  make  it  possible  to  adjust  and  meas¬ 
ure  the  primary  and  secondary  air  separately,  and  also  permit  regula¬ 
tion  of  the  flame-tube  wall  temperature.  By  changing  the  conditions 
mentioned  above,  it  is  possible  to  investigate  the  effect  of  several 
operating  factors  upon  carbon  formation,  and  the  influence  of  the  car¬ 
bon-forming  ability  of  the  fuel  on  various  operating  regimes. 

The  fuel  flow  rate  amounts  to  about  20-50  llter/hr  for  such  in¬ 
stallations,  and  the  test  time  to  1  hr. 

Ya.B.  Chertkov,  V.N.  Zrelov,  and  I.V.  Kalechlts  [28]  have  devel¬ 
oped  a  laboratory  device  and  a  method  for  determining  the  carbon-form¬ 
ing  ability  of  fuels. 

The  carbon -forming  ability  of  a  fuel  is  found  by  this  method  for 
various  combustion  regimes  characterized  by  the  excess-air  factor  which 
ranges  from  0.5  to  4,5.  The  carbon-forming  ability  is  expressed  in  mil¬ 
ligrams  of  carbon  per  milliliter  of  fuel. 

A  series  of  determinations  of  fuel  carbon -forming  ability  for 
various  exccss-air  coefficients  should  take  no  more  than  30  min.  One 
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Pig.  209.  Laboratory  device  for 
determining  the  gum-forming 
ability  of  VRD  fuels.  1)  Cylin¬ 
drical  section  of  combustion 
chamber;  2)  nozzle  section  of 
combustion  chairiber;  3)  pneu¬ 
matic  nozzle;  4)  vessel  with 
fuel;  5)  stand;  6)  gas  exit 
hole. 

determination  should  consume  1-3  ml  of  fuel. 

The  instiTument,  together  with  the  method,  permits  a  rapid  deter¬ 
mination  under  laboratory  conditions  of  fuel  gum-forming  capability, 
using  small  amounts  of  fuel.  This  method  estimates  the  total  carbon- 
forming  ability  of  the  fuel. 

There  exist  instruments  and  methods  for  evaluating  the  partial 
carbon-forming  ability  of  a  fuel  according  to  the  formation  of  carbon 
on  the  fire -tube  walls  [29]*  Figure  209  shows  a  diagram  for  a. labora¬ 
tory  dovios  ussd  to  tvaluato  tht  oarbon-formlng  ability,  developed  by 
Ya.M.  Paushkln  and  associates  (30],  The  device  consists  of  a  straight 
ilu'ough  flow  combustion  chamber  having  cylindrical  and  conical  nozzlu 
sections.  When  2-3  g  of  fuel  is  burned,  carbon  is  deposited  in  the  uc 
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zle  section  of  the  combustion  chamber.  The  amount  of  carbon  Is  deter¬ 
mined  by  weighing  the  nozzle  section  of  the  combustion  chamber. 

A  lamp  that  Is  also  widely  employed  to  determine  the  properties 
of  Illuminating  kerosenes  [31]  Is  used  In  the  United  States  and  England 
for  determining  the  carbon-forming  ability  of  VRD  fuels.  The  carbon¬ 
forming  ability  of  VRD  fuels  Is  determined  on  this  device  acceding  to 
the  so-called  smoke  point.  The  smoke  point  Is  the  nmxlmum  length  of 
the  flame  at  the  Instant  smoke  appears,  and  It  Is  expressed  In  milli¬ 
meters.  The  choice  of  the  smoke  point  for  characterizing  the  carbon¬ 
forming  ability  of  VRD  fuels  Is  based  upon  the  fact  that  there  la  a 
relationship,  discussed  below  [24]  between  the  smoke  point  and  the  de¬ 
position  of  carbon  In  a  VRD  combustion  chamber. 

ITo^Kt  Auxaeuuii,  mu  ...  .  12  18  21  23  28  30  43 

2KoaawTM  oarapa,  a  .  .  .  .  |  7.S  4.8  |  3.2  |  1*8  |  1>0  |  0,5  0,4  - 

1)  Smoke  point,  mm;  2)  quantity  of  carbon,  g. 

The  smoke  point  Is  used  to  evaluate  the  carbon-forming  abilities 
of  kerosene -type  fuels. 

The  smoke  point  is  presently  given  in  the  specification  for  JP-5 
fuel.  It  should  be  less  than  20  mm  in  value. 

The  volatility  is  Important  in  evaluating  the  carbon -forming  abil¬ 
ity  of  wide -boiling  fuels.  Thus  the  carbon-forming  ability  of  these 
fuels  Is  determined  In  accordance  with  the  carbon-formation  index, 
which  connects  the  smoke  point  and  the  fuel  volatility  characteristic. 
The  cai'bon-formatlon  Index  equals  the  smoke  point  plus  0.42^  of  the 
distillate  up  to  204°.  Tests  have  shown  that  there  le  a  relationahip 
between  the  carbon-formation  index  and  the  amount  of  carbon  in  an  en¬ 
gine,  as  we  can  see  from  the  figures  given  below. 
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*4,9 

4,2 

33  3,2 

1  1,9 

1,0 

0.5 

1)  Carbon-formation  Index;  2)  quantity  of  car¬ 
bon,  g. 

The  carbon -format Ion  Index,  as  In  the  case  of  the  smoke  point.  Is 
Included  In  the  specification  for  JP-5  Jet  fuels;  It  has  recently  been 
established,  however,  that  the  smoke  point  Is  a  more  objective  measure 
of  the  carbon-forming  ability  of  such  fuels  [31 3*  The  magnitude  of  the 
carbon-formation  Index  for  JP-5  fuel  should  be  at  least  5^. 

It  follows  from  the  data  given  that  the  methods  most  commonly  used 
abroad  to  find  the  carbon-forming  ability  of  commercial  VRD  fuels  under 
laboratory  conditions  are  based  upon  a  determination  of  the  smoke  point 
in  the  lamp  mentioned  above. 

Effect  of  Fuel  Quality  on  Carbon  Formation 

The  basic  characteristic  that  has  a  considerable  influence  on  the 
cai'bon-foxming  capability  of  a  fuel  is  the  group  chemical  composition. 
In  order  to  determine  the  carbon-fwmiiag  capability  of  the  hydrocar¬ 
bons  comprising  TRD  fuels,  Baku  T-1  fuel  was  separated  by  chroDoatog- 
raphy  on  silica  gel  Into  me thane -naphthene,  monocyclic  aromatic,  and 
bloycllc  aromatic  iiydrobarbons.  Their  carbon-forming  ability  was  stud¬ 
ied  (Fig.  210). 

The  hydrocarbons  can  be  arranged  In  the  following  order  with  re¬ 
spect  to  their  carbon-forming  ability:  paraffin  naphthene  -^monocy¬ 
clic  aromatic  -♦bicyclic  aromatic  hydrocarbons. 

In  addition  to  chemical  composition,  volatility  has  a  great  influ- 
ancc  upon  the  carbon-fomlng  ability.  Hydrocarbons  and  fuels  thst  dif¬ 
fer  in  volatility  and  chemical  composition  may  be  arranged  as  shown  in 
Fig.  211  In  accordance  with  their  carbon-forming  ability. 

Here  the  oblique  lines  mark  off  tlio  specimens  of  tim  pararrin. 


naphthene,  and  aroroatio  series.  Q]he  slope 
of  these  curves  shows  that  within  series, 
the  carbon-forming  ability  rises  with  de¬ 
creasing  volatility  of  the  fuel.  The  aro- 
matio  hydrocarbons  with  aide  paraffin 
chains  are  characterized  by  lower  carbon- 


Fig.  210.  Carbon -forming 
ability  of  hydrocarbons 
in  Baku  T-1  fuel.  1)  Bi- 
cyclic  aromatic  hydrocar¬ 
bons  j  2)  monocyclic  aro¬ 
matic  hydrocarbons;  3) 
me theme -naphthene  hydro¬ 
carbons;  carbon-form¬ 
ing  ability,  mg/ml;  5) 
ex)cess-alr  factor,  a. 


forming  capability  than  hydrocarbons 
without  side  chains.  Thus,  toluene,  cu¬ 
mene,  and  as^ylbenzene  are  arranged  within 
the  diagram  so  as  to  qualitatively  re¬ 
flect  their  structure  and  volatility. 
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Fig.  211.  Carbon-forming  ability 
as  a  function  of  chemical  cc«npo- 
sition  eum  volatility,  1)  Gaso¬ 
line-  ty^  I’Uel;  2)  kerosene-type 
fuel;  3)  gas-oil  type  fuel;  4) 
hejsene;  5#  heptane;  6)  octane; 

T)  isodecane;  8)  cycloitexane;  9) 
toluene;  10)  cumene ;  11)  decaline; 
12)  ainyibensene ;  13)  tetraline; 

14)  matlxy^iaphthalixio;  15)  car¬ 
bon,  j;;  16)  cyclopen tai;e;  1?) 
boiiij'ig  point,  ®C. 
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The  carbon ability  of  a  fuel  increases  also  as  the  end- 


iK>int  goes  up  and  as  tlic  fuel  deiusity  rises  (32). 


The  laws  of  carbon -fomisig  ability  for  various  classes  of  hydro¬ 
carbons  established  under  laboratoiy-  co&tditlons  were  verified  by  a  se 


TABLE  167 

Carbon-Forming  Ability  of  Fuels  of  Various 
Chemical  Compositions  in  a  Full-Sized  Engine 
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1)  Fuel;  2)  chemical  composition,  3)  aro¬ 
matic;  4)  naphthene;  5)  paraffin;  6)  carbon- 
forming  ability.  7)  aromatic;  8)  naphthene; 

9)  paraffin;  10)  standard. 

ries  of  tests  on  a  full-sized  engine,  using  fuels  differing  sharply  in 
chemical  composition  [33>  34-].  The  carbon-foming  capability  of  the 
aromatic,  naphthene,  and  paraffin  fuels  was  compared  with  that  for  a 
standard  fuel  used  in  turbojet  engines.  The  results  of  these  tests 
(Table  I67)  indicate  that  the  relationship  between  carbon-forming  abil¬ 
ity  for  a  fuel  and  its  chemical  composition,  established  under  labora¬ 
tory  conditions,  is  completely  confirmed  for  the  engine. 

The  flight  cests  also  confirmed  the  high  carbon -forming  capability 
of  the  aromatic  hydrocarbons;  it  was  noted,  however,  that  the  bicycllc 
aromatic  hydrocarbons  had  the  basic  influence  on  carbon-forming  abil¬ 
ity.  Thus,  in  flight  tests  of  a  fuel  containing  a  small  amount  of  aro¬ 
matic  hydrocarbons  with  the  major  proportion  formed  by  bicycllc  aro¬ 
matic  hydrocarbons  it  was  established  that  within  only  4-7  hours  of 
flight,  the  fuel  nozzles  and  plugs  were  covered  by  so  much  carbon  that 
in  the  case  of  a  flameout,  the  combustion  process  could  not  have  been 
reestablished;  this  would  have  inevitably  led  to  an  accident.  In  an- 
otUor  test  of  this  fuel,  after  a  3040'  flight,  tho  amount  of  carbon 
had  increased  considerably  even  on  the  flaine-tube  vfalls  [5]. 

In  some  combustion  chambers,  the  carbon  forming  when  bicycllc  ai'o- 
mauic  hydrocarbons  are  burned  does  not  remain  on  the  flame  tubes,  iic. 
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zles,  and  plugs.  In  this  case,  the  carbon  is  carried  out  of  the  combus¬ 
tion  chamber  by  the  ga.'j  stream.  In  the  meanwhile,  cracking,  buckling, 

« 

and  burnout  of  the  flame  tubes  continues  to  occur.  This  is  due  to  the 
fact  that  flame  brightness  increases  sharply  owing  to  the  presence  of 
fine  carbon  particles  that  are  responsible  for  the  radiation  of  an  ex¬ 
cessive  flow  of  heat  to  the  fire-tube  walls;  this  increases  their  tem¬ 
perature. 

The  investigations  of  Droegemueller  and  Nelson  [31]  have  shown 
that  in  order  to  eliminate  this  phenomenon  in  VRD  fuels,  no  more  than 
35S  of  blcycllc  aromatic  hydrocarbons  should  be  present. 

Both  fuel  quality  and  engine  operating  conditions  affect  the  car¬ 
bon-forming  ability  of  VRD  fuels.  Of  the  operating  conditions,  the 
most  important  are  the  temperature  and  pressure  of  the  air  supplied, 
the  excess-air  coefficient,  and  the  distribution  of  air  between  the 
primary  and  secondary  ccanbustion  zones. 

The  carbon- forming  ability  of  VRD  fuels  having  a  high  aromatic 
hydrocarbon  and  sulfur  conQ^ound  content  can  be  decreased  by  using  0,1- 
5.0^  peroxide  and  nitrate  additives  [35^  36].  Thus,  if  cumene  hydro¬ 
peroxide  is  added  to  a  fuel  containing  aromatic  hydrocarbons,  car¬ 
bon  formation  is  more  than  halved.  ya.M.  Paushkin  and  associates  [30] 
have  also  shown  that  the  carbon-forming  ability  of  fuels  with  high  con¬ 
tents  of  arcHuatic  liydrocai'bons  may  be  decreased  considerably  by  adding 
carbon- inhibiting  additives. 

With  the  aim  of  reducing  VRD-fuel  carbon -forming  ability,  ^cks 
and  Ziobell  [37]  studied  several  halogen-derivative  hydrocarbons  as  ad¬ 
ditives;  cax’bon  tetrachloride,  n-propylchloride,  n-propylbroailde ,  n- 
butyllodate,  etc.  The  investigation  established  that  the  lialogen-deri- 
vative  hydi’ocarbons  did  not  depress  the  cax’bon -forming  ability  in  con¬ 
centrations  of  Ijg,  while  in  concentrations  of  loj^,  several  of  them  fa- 
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c ill tated  the  formation  of  carbon.  ;  •  i; 

High-Temperature  Qas  Corrosion 

•She  corrosion  of  combustion-chamber  walls,  nozzles,  and  gas-tur¬ 
bine  parts  has  been  studied  for  fuels  with  vairlous  sulfur  contents 
(from  0.2  to  1.55^).  Nickel  is  the  basic  component  contained  in  the 
heat-resistant  alloys  and  steels  from  which  the  combustion  chamber, 
gas  turbine,  and  jet  nozzle  are  made.  Up  to  80,0^  nickel  is  contained 
in  such  alloys  [6]. 

When  all  of  the  sulfur  compounds  in  a  fuel  are  burned,  sulfur  di¬ 
oxide  is  formed.  Under  high-temperature  conditions  (above  1000°), 
nickel  sulfide  may  form;  this  leads  to  the  formation  of  a  nickel-nickel 
sulfide  eutectic.  The  melting  point  of  this  eutectic  is  roughly  650°, 
and  this  may  cause  rapid  destruction  of  appropriate  parts. 

In  modern  VRD,  however,  the  temperatures  of  the  walls  and  parts 
of  the  combustion  chamber,  reaction  nozzle,  and  gas  turbine  are  low, 
and  with  a  uniform  flame  do  not  exceed  800-900°. 

Bench  tests  of  Geman  VRD  have  shown  [391*  that  under  such  condi¬ 
tions  when  a  fuel  containing  up  to  sulfur  is  used,  gas  corrosion 
of  elements  in  the  gas-air  system  of  .the  engine  is  not  observed. 

Netals  contained  In  the  fuels  as  ash  can  affect  cox'rosion  of  VRD 
fire-tube  walls,  in  addition  to  sulfur  compounds.  Actually,  VRD  fuels 
contain  little  ash,  no  more  than  0.003^;  the  metals  entering  into  the 
ash,  however,  acting  as  catalysts,  facilitate  the  development  of  cor¬ 
rosion  processes.  Cases  of  fire-tube  corrosion  have  been  noted  for  cer¬ 
tain  grades  of  TS-1  fuel.  T-1  fuel  does  not  cause  cor3;*osion  of  VRD 
fire  tubas. 

The  most  active  metals  facilitating  the  development  of  corrosion 
processes  in  combustion  chambers  are  vanadium  and  sodium.  Ya.B.  Che:*i 
kov,  V.N.  Zrelov,  and  N.I,  Harinchenko  [40]  have  carried  out  a  spire*. 
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TABI£  168 

Composition  of  VRD  Fuel  Ash  Residue  (^) 
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1)  Ash  composition;  2)  T-1,  standard;  3)  TS-1 
with  0.o45^  mercaptan  sulfur;  4)  TS-1,  stand¬ 
ard;  5)  specimen  1;  6)  specimen  2;  7)  traces. 


investigation  of  the  ash  residues  formed  by  TS-1  fuel.  The  results  of 
this  investigation  are  given  in  Table  l68.  It  is  clear  from  the  data 
shown  that  the  composition  of  ashes  produced  by  T-1  and  TS-1  fuels  is 
exceptionally  varied.  Among  the  metals  present  in  the  greatest  quanti¬ 
ties  are  copper,  iron,  zinc,  cadmium,  and  tin;  these  substances  are 
normally  not  considered  corrosive.  These  metals  get  into  the  fuel 
while  it  is  being  produced,  transported,  and  pumped.  The  fuel  is  con¬ 
siderably  enriched  with  metals  while  it  is  being  pumped  through  the 
aircraft  and  engine  fuel  systems,  which  have  parts  made  from  nonfer- 
rous  alloys. 

Among  the  metals  contained  in  T-1  and  TS-1  fuels  sodium  is  ex¬ 
tremely  corrosive.  It  enters  the  fuel  at  the  refinery,  where  a  solu¬ 
tion  of  sodium  liydroxide  is  used  in  alkali  refining.  Sodium  salts  of 
petroleum  acids  are  removed  from  the  fuel  following  alkali  refining  by 
scrubbing  with  water.  If  scrubbing  is  not  carried  out  with  sufficient 
care,  the  fuel  will  contain  an  Increased  amount  of  sodium  in  the  form 
of  salts  of  petroleum  acids  (see  Table  168,  fuel  TS-1*  specimen  2, 
whose  ash  contains  11. sodium). 
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The  ai'tificlal  addition  of  sodium  naphthenates  to  a  fuel  causes 

increased  combustion-chamber' corrosion  in  gas  turbines.  Leoynd  and  Pro- 

bert  [4l]  showed^  that  sodium  pyrosulflte,  vanadium  pentoxlde,  ajid 

« 

sodium  vanadate  cause  vigorous  gas  corrosion  developing  specially  in¬ 
tensively  at  high  temperatures.  An  investigation  of  fuel  containing 
0.2^  sulfur  with  added  sodium  chloride  led  to  considerable  corrosion) 
the  corrosive  deposits  contained  95^  sodium  sulfate  [42]. 

At  present  it  is  considered  that  vanadium  and  molybdenum  can  also 
affect  corrosion  of  combustion-chamber  walls)  these  metals  are  not 
foxmd  in  T-1  and  TS-1  fuels,  however. 

OXIDIZABILITY  OP  VRD  FUELS  UNDER  STORAGE  CONDITIONS 

The  oxidizability  of  VRD  fuels  under  storage  conditions  depends 
basically  upon  the  chemical  composition  of  the  fuel,  as  well  as  upon 
the  method  by  which  it  is  produced,  refined,  and  upon  the  storage  con¬ 
ditions  themselves.  An  investigation  of  kerosene-type  fuel  oxidation 
under  ambient-temperature  conditions  established  that  T-1  and  TS-1 
fuels  obtained  by  straight  distillation  oxidized  under  these  condi¬ 
tions  with  great  difficulty,  and  the  oxidation  products  accumulated 
very  slowly  in  them.  For  kerosenes  obtained  by  thermal  cracking,  the 
oxidation  products  accumulated  rapidly.  These  kerosenes  are  relatively 
instable  [44]. 

The  stability  of  T-1,  TS-1,  and  T-2  fuels  depends  upon  the  amount 
of  unstable  hydrocarbons  present  in  them.  Low-stability  hydrocarbons 
in  these  fuels  are  monocyclic  aromatic  liydi'ocarbons  with  an  unsaturated 
side  clmin  [451. 

Under  atoraga  oondltlo4is,  thaaa  hydrooarbona  do  not  oxidise  at 
the  double  bond,  with  tills  bond  breaking,  as  had  been  supposed  previ¬ 
ously,  but  at  the  C-H  bond  located  In  the  ^-position  to  the  double 
bond,  with  the  formation  of  hydx'operoxides  [46]. 
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TABLE  169 

Composition  of  Oxidation  Products 
Formed  upon  Storage  in  Tuymazy 
Cracked  Kerosene 

*'*  npoAyKni  OKUcnenim 

2CoAcpH(Auno. 
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a  CitnpTu 

4  CooAniiottuii  c  HapSonnAuioft  rpynnoil 

5  . 

F)  liiiejiaTU  . 

40.7 
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19.8 
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1)  Oxidation  product;  2)  content, 
3)  alcohol;  4)  compounds  with 
carbonyl  radical;  5)  esters;  6) 
acids. 


Fig.  212.  Variation  in 
oxygen-compound  content 
dviring;  storage  of  sul- 
furous  fuel  containing 
craciced  components.  1) 
Alcohol;  2)  compounds 
witii  cai'bonyl  radical; 
3)  esters;  4)  acids;  5) 
oxygen-containing  c<m- 

p 

pounds,  ^  X  10  ;  6) 

length  of  storage,  mos. 


Pig.  213.  Variation  In  oxy 
gen  compound  content  dur¬ 
ing  storage  of  VRD  fuels. 
1)  Baku  T-1;  II)  Groznyy 
T-1;  III)  TS-1.  1)  Oxygen- 
containing  compounds,  %  x 

X  10"^;  2)  acids;  3)  com¬ 
pounds  with  carbonyl  rad¬ 
ical;  4)  alcohol;  3)  es¬ 
ters;  6)  length  of  storage 
months. 


At  normal  ambient  temperature,  the  decomposition  of  hydroperoxides 
is  accompanied  by  the  formation  of  a  complex  mixture  of  combustion 
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products.  Among  the  combustion  products,  as  Table, 169  shows,  alcohols 
are  the  most  important  (49.7J^)» 

In  certain  cracked  fuels,  the  alcohol  content  of  the  combustion 
products  reaches  70^»  Ttie  total  amount  of  acids  and  compounds  with  a 
carbonyl  group  does  not  exceed  29. 55^* 

Observation  of  the  accumulation  of  Individual  oxygen-compound 
groups  in  VRD  fuels  obtained  by  straight  distillation  and  by  thermal 
cracking  has  shown  that  the  chief  direction  of  the  oxidation  process 
during  storage  is  the  formation  of  alcohol  (Pig.  212)  [44].  The  forma¬ 
tion  of  acids  and  compounds  with  carbonyl  groups  is  subsidiary  In  na¬ 
ture. 

During  fuel  storage,  the  primary  oxidation  products  forming  as 
the  result  of  hydroperoxide  decomposition  are  liable  to  further  trans¬ 
formation  leading  to  the  formation  of  resinous  substances. 

Thus,  in  the  oxidation  of  Tuymazy  cracked  kerosene  after  six 
months  of  storage,  the  rate  at  which  alcohol  accumulates  decreases. 

This  is  not  due  to  any  cessation  in  alcohol  formation,  but  to  the  fact 
that  the  alcohols  foming  are  rapidly  converted  to  other  substances. 

In  order  to  solve  the  problem  of  the  conversions  of  alcohols  as 
the  chief  oxidation-process  products,  a  study  was  made  of  neutral  res¬ 
inous  substances  isolated  from  fuel -oxidation  products  and  forming  95- 
97^  of  all  resinous  substances.  The  structure  of  the  neutral  resinous 
substances  Included  two  benzene  rings,  one  hydroxyl  radical,  one  un¬ 
saturated  bond,  two  oxygen  atoms;  their  molecular  weight  was  twice  as 
great  as  the  mean  molecular  weight  of  the  alcohols  previously  studied 
[4?].  Wo  may  ooniaquintly  asauni  that  the  nautral  realnoua  aubatanoea 
r.ro  products  of  oxidative  polymerization  of  alcohols.  !ttil3  is  the  chief 
situuner  in  which  resinous  substances  are  formed  in  VRO  fuels  under  stor> 
conditions. 
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Pig.  214.  Effect  of  hydroxy 
acids,  acids,  and  neutral  res¬ 
ins  on  the  oxidizability  of  a 
sulfur ous  fuel  with  cracked 
components,  l)  297  mg/lOO  ml 
neutral  gums;  2j  88  mg/lOO  ml 
neutral  gums;  3)  6.6  mg/lOO 
ml  hydroxy  acids;  4)  initial 
fuel;  5)  existent  gum,  mg/100 
ml;  6}  duration  of  oxidation, 
hours;  7)  acidity,  mg  KOn/IOO 
ml.  - Existent  gum;  - —  acid¬ 

ity. 


During  storage,  acids  react  with  alcohols  to  form  esters  having  a 
molecular  weight  twice  as  great  as  the  molecular  welgtit  of  the  Initial 
compounds.  The  esters  formed  are  resinous  In  character  and  contain  a 
single  ester  group  and  about  2  oxygen  atoms. 

At  the  same  time,  these  acids  are  liable  to  further  oxidation  re- 
* 

suiting  In  the  formation  of  hydroxy  adds  i^loh  are  dark  viscous  gummy 
substances*  A  study  of  the  nature  of  the  hydroxy  acids  has  shown  that 
they  contain  about  3  oxygen  atoms  and  their  molecular  weight  Is  greater 
than  the  molecular  weight  of  the  initial  fuel  hydrocarbons. 
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Pig.  215.  Effect  of 
phenyl  compounds  on  oxi¬ 
dizability  of  Baku  fuel  ' 
with  cracked  components. 
Phenyl  compounds  added 
{%):  1)  0.065;  2)  0.035; 
3)  0,016;  4)  Initial 
fuel,  5)  Amount  of  oxy¬ 
gen  absorbed^  mm  water; 

6)  duration  of  oxidation^ 
min. 


Fig.  216.  Effect  of  ^3-24 
bronze  on  fuel  oxidiza¬ 
bility.  1)  Initial  fuel; 
2)  in  presence  of  5  cm^ 
of  freshly  polished 
bronze;  3)  the  same,  10 

cm  ;  4)  In  presence  of  5 

cm^  oxidized  bronze;  5) 
the  same,  doubly  oxidized 
bronze;  6)  quantity  of 
oxygen  absorbed,  ml;  7) 
duration  of  oxidation, 
min. 


On  the  basis  of  what  we  have 
said,  the  mechanism  of  self -oxida¬ 


tion  of  low  stability  hydrocarbons  In  VRD  fuels  dvrlng  storage  can  be 


represented  as  follows: 
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1)  Honooyclic  aromatic  hydrocarbons  with  un¬ 
saturated  side  chain;  2)  hydroperoxides;  3) 
ketones;  4)  alcohols;  5)  acids;  6)  liydroxy 
acids;  7)  esters;  8)  neutral  gums;  9}  acid 

gums. 


Oxidation  products  present  In  the  fuel  have  a  great  effect  upon 


fuel  stability  under  storage  conditions.  For  f-l,  TS-1,  and  T-2  fuels 


iH^uval  of  oxidation  products  leads  to  Increased  stability  under 


age  conditions  while  for  fuels  with  cracked  components,  on  the  other 
hand,  there  is  a  sharp  drop  in  stahlllty  [48].  The  presence  of  oxida¬ 
tion  products  in  fuels  affects  storage  stability  in  different  ways. 
Figure  2l4  graphically  Illustrates  the  effect  of  hydroi^or  acids  and 
acid  and  neutral  gums  on  the  oxidizability  of  fuels  with  orsoked  com¬ 
ponents.  When  hydroxy  acids  auid  acid-type  gums  are  added  to  a  fuel, 
the  fuel  oxidizes  rapidly  with  an  Increase  in  the  existent  g\am  and 
acidity.  Neutral  gums  have  no  noticeable  effect  upon  fuel  acidity. 
Phenyl  compounds  have  the  same  effect  upon  fuel  acidity,  as  we  can  see 
from  Pig.  215.  Upon  addition  of  phenyl  compounds,  the  fuel  oxidation 
curves  by  the  PK  method  differ  little  from  each  other  [47]. 


Fig.  217.  Effect  of  elementary  sul¬ 
fur  on  fuel  oxidizability.  Concentra¬ 
tion  of  elementary  sulfur  (Sfi);  1) 
o.ooij  2)  0.003;  3}  0.005;  0.008. 

5)  Amount  of  oxygen  absorbed,  ml;  6) 
duration  of  oxidation,  min. 

In  addition  to  oxidation  products,  metals  In  contact  with  a  fuel 
have  a  considerable  effect  upon  fuel  stability  under  storage  condi¬ 
tions.  Copper  and  its  alloys,  with  which  a  fuel  may  come  Into  contact 
while  it  is  being  used,  have  the  greatest  effect  upon  fuel  stability. 
It  is  sufficient  to  state  that  the  amount  of  copper  may  reach  20-255^ 
in  the  ash  I'esidue  for  T-1  and  TS-1  fuels. 


In  addition,  certain  fuels  of  the  wide -boiling  type  such  as  the 


American  JP-3  and  JP-4  fuels  have  the  active  sulfur  compounds  removed 
by  copper  salts.  After  such  purification,  copper  salts  remain  in  the 
fuel  in  negligible  quantities  (O.3-O.7  mg/llter)j  they  sharply  impair 
stability  under  storage  conditions. 

Figure  216  shows  graphically  the  effect  of  VB-24  bronze  on  the 
oxidizability  of  a  fuel  according  to  the  PK  method  [13].  It  follows 
from  the  data  given  that  VB-24  bronze  sharply  decreases  the  Induction 
period  of  a  fuel  and  increases  the  oxidation  rate  after  the  end  of  the 
induction  period.  It  turns  out,  however,  that  only  bronze  with  a  clean 
surface  has  this  effect.  If  an  oxide  film  forma  on  the  surface  of  the 
bronze,  the  catalytic  activity  of  the  bronze  is  almost  eliminated.  A 
clean  copper  surface  has  a  similar  effect. 

In  order  to  prevent  catalytic  action  of  metals  on  VRD  fuels  (JP-4, 
DERD-2486,  Air  3407,  and  NATO-F-42)  5.6  mg/liter  of  the  metal  deac¬ 
tivator  N,N'-dlsalicylidene -1,2-propane  diamine  is  used  abroad  as  an 
additive  [49,  50,  51]. 

Sulfur  compounds  have  a  great  effect  upon  the  stability  of  VRD 
fuels  obtained  from  sulfurous  petroleums.  The  effect  of  elementary  sul¬ 
fur  on  fuel  oxidizability  in  the  presence  of  VD-24  bronze  is  shown  in 
Fig.  217.  As  the  elementary  sulfur  concentration  rises,  the  Induction 
period  drops  considerably,  ^is  results  from  the  fact  that  elementary 
sulfur  plays  the  role  of  an  oxidation  inhibitor,  and  also  decreases 
the  catalytic  effect  of  the  bronze,  forming  a  low-activity  sulfide  film 
on  its  surface. 

A  study  of  the  effect  of  otiior  sulfui'  comi)ounds  on  VRD  fuel  sta¬ 
bility  tiai  shown  that  nsromptsiui,  sulfldss,  thlophanss,  and  thiophenes 
dticrease  ti\e  fuel  induction  period  (171* 

oxidation-inhibiting  additives  are  used  to  obtain  VRD  fuels  that 
stable  under  storage  conditions  (see  Chapter  14). 
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Chapter  22 

THERMAL  STABILITY  OP  JET  FUELS 

The  fuels  used  in  large  quantities  for  VRD  are  ligroin-kerosene 
fractions  and,  to  some  extent,  gas-oil  fractions  obtained  by  direct 
distillation  of  petroleums.  Fuels  containing  components  obtained  by 
secondary  methods  of  petroleum  refining  have  been  tested  as  standby 
fuels.  The  [Soviet]  T-4  fuel,  for  example,  consists  of  direct-distilla¬ 
tion  and  thermal- cracking  components;  the  American  JP-4  fuel  may  con¬ 
tain  cracking  products. 

A  new  quality  specification  set  forth  for  VRD  fuels  is  high 
thermal  stability,  l.e.,  the  ability  to  retain  the  necessary  opera¬ 
tional  properties  under  elevated- temperature  conditions.  The  appear¬ 
ance  of  this  index  in  the  specifications  for  VRD  fuels  stemmed  from  the 
creation  of  supersonic  alrcr-aft. 

At  flight  speeds  exceeding  the  speed  of  sound,  aircraft  are  sub¬ 
jected  to  considerable  aerodynamic  heating.  Calculations  indicate  that 
in  flight  at  a  speed  M  =  2  to  3*  for  several  hours,  the  aircraft's 
skin  temperature  may  reach  and  exceed  200-250^  [1],  an  effect  that 
causes  heating  of  the  fuel  in  the  tanks.  Moreover,  the  fuel  is  used 
as  a  coolant  for  the  oil  radiators  and  various  other  elements  of  the 
aircraft  in  most  supersonic  and  subsonic  models,  and  this  gives  rise 
to  further  heating  of  some  of  the  fuel. 

It  has  been  found  that  under  the  Influence  of  high  temperatures 
(above  100^),  deposits  begin  to  form  in  the  presence  of  oxygen  in 
diroct-distilled  fuels  that  are  regarded  as  chemically  stable,  folU...- 


Ing  fuel-filter  elements  and  small  clearances  between  rubbing  pairs. 

This  interferes  with  the  performance  of  the  flow- regulating' 
apparatus,  reduces  the  fuel  supply  to  the  engine,  and  ultimately  inter¬ 
feres  with  normal  operation  of  the  engine. 

At  the  present  time,  the  term  "thermal  stability"  of  fuels  also 
implies  their  resistance  to  the  formation  of  scale  at  elevated  tem¬ 
perature  . 

METHODS  OP  INVESTIGATING  AND  MONITORING  THERMAL  STABILITy  OP  FUELS 
The  laboratory  methods  that  have  recently  been  developed  for 
evaluating  the  thermal  stability  of  fuels  may  be  subdivided  into  two 
basic  groups:  a)  static  and  b)  dynamic  methods. 

In  the  static  methods,  a  definite 
volume  of  fuel  is  oxidized  at  elevated 
>  temperature  and  its  thermal  stability 
evaluated  by  the  quantity  of  scale 
formed . 

In  the  dynamic  methods,  the  fuel, 

which  has  been  heated  to  a  specified 

^  temperature,  is  continuously  pumped 

Fig.  218,  Diagram  of  stand-  through  a  filter  and  its  thermal 
ard  apparatus  (CPR)  for  de¬ 
termining  thermal  stability  stability  evaluated  by  the  test  time 
of  fuels  [5].  1)  Puelj  2) 

pump;  3)  flowmeter;  4)  pre-  elapsing  before  the  filter  is  complete- 
heater;  5)  filter  holder; 

6)  thermocouple  for  measure-  ly  clogged  by  the  deposit, 
ment  of  fuel  temperature; 

7)  thermocouple  for  measure-  Of  the  static  methods,  the  bomb- 

ment  of  filter  temperature; 

8)  filter;  9)  radiator;  10) 
pressure  gauge;  11)  drain¬ 
age. 


8)  filter;  9)  radiator;  lO)  oxidation  method  [3>  6,  7]  and  the 

pressure  gauge;  11)  drain¬ 
age.  LSA-apparatus  method  [8,  9.  11>  32] 

have  come  into  most  widespread  use.  In  bomb  oxidation  [7]»  100  ml  of 


the  fuel  in  a  glass  beaker  is  placed  in  the  steel  bomb  used  for  de¬ 
termining  gasoline  induction  periods  and  oxidized  at  an  air  pressure 
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of  3  atmospheres  for  4  hour^,  at  a  temperature  of  In  the  L3A 

instrument  (Chapter  3)»  50  ml  of.  fuel  are  oxidized  in  hermetically 
sealed  glass  flasks  for  1  hour  at  a  temperature  of  150*^1  an  electro- 
lytlc~copper  plate  serves  as  a  catalyst  (GOST  9146-59). 

After  oxidation  in  the  bomb  or  In  the  LSA  device,  the  fuel  is 
filtered  through  a  "white  ribbon"  paper  filter  and  the  quantity  of. 
deposit  that  has  formed  in  it  is  determined. 

The  dynamic  methods  of  evaluating  the  thermal  stability  of  fuels 
have  also  been  formulated  in  various  versions  [3,  4,  5,  10,  12],  In 
the  USA,  a  dynamic  method  (CPR  method)  is  standard.  The  thermal  sta¬ 
bility  is  determined  in  a  CPR  coker  (Pig.  2l8),  which  was  originally 
known  as  the  "Erdco  coker"  [4,  12,  13]. 

In  the  CPR  coker,  the  fuel  is  heated  to  a  temperature  of  150-230° 
in  an  electrically-heated  aluminum  tube  and  passed  through  a  20-ia- 
mesh  filter  made  of  fused  stainless-steel  powder.  A  paper  filter  ele¬ 
ment  or  an  element  of  some  other  material  may  also  be  used  in  the  CPR 
coker.  The  filter  is  provided  with  electric  heating  to  permit  further 
heating  of  the  fuel  to  205-260°.  The  fuel  is  fed  at  a  constant  rate 
of  2.7  kg/hour  at  an  initial  pressure  of  10.5  atmospheres.  The  test 
time  is  300  minutes j  about  15  liters  of  fuel  are  required  for  the 
test.  For  experimental  fuels,  a  variant  of  the  method  that  uses  cir¬ 
culation  and  requires  only  600  ml  of  fuel  Is  employed. 

The  thermal  stability  of  the  fuel  is  expressed  in  terms  of  the 
pressure  drop  across  the  filter  after  a  300-minute  test  (Table  170), 
or,  if  the  filter  Is  plugged  earlier,  the  test  time  until  the  maximum 
attainable  pressure-drop  value  (470  mm  hg)  Is  attained. 

The  other  dynamic  methods  are  similar  to  the  CPR  method;  they 
differ  as  regards  the  physical  design  of  the  apparatus  and  the  test 
technique. 
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In  the  [Soviet]  LTS  apparatus  [10,  l6]  (Plg.  219) >  fuels  are  test 
ed  for  thermal  stability  at  several  temperatures. 

The  data  obtained  on  the  LTS  apparatus  and  the  LSA  instrument 
(Table  171)  indicate  that  both  the  static  and  dynamic  methods  enable 
us  to  distinguish  between  fuels  on  the  basis  of  their  thermal  sta¬ 
bility,  as  well  as  to  evaluate  the  Influence  of  purification  of  the  .. 
fuels  and  addition  of  additives. 

The  laboratory  methods  of  determining  the  thermal  stability  of 
fuels  enable  us  to  form  correct  estimates  of  their  behavior  under  real 
conditions.  For  example,  a  fuel  having  a  CPR  thermal  stability  of 
25  minutes  (a  "25-minute  fuel")  caused  clogging  of  the  fuel  system 
after  2-4  hours  under  analogous  conditions  in  a  real  installation, 
while  a  "100-minute  fuel"  produced  the  same  effect  after  7-11  hours 
[29]. 


TABLE  170 

Thermal-Stability  Specifications  for  American 
Hydrocarbon  Fuels  [l4] 


lIIOKasateaa 


4Moion  ucuuToim«  . 

yicMnopatypa  nciiHTannii,  , 

oMaxcitMaabno  AonycTUuuu  neponoA  Ri- 
0.1CUHR  na  4>iiabTpo  sa  300  Hno.,  mm 

pr.  CT.  . . 


1  2M*'*PKa  TOiuinna 

JP-S 

JP-6 

-ucpcnex* 

OTueuoal 

TonauBo 

iP-X 

3)anonpo. 

xoAnoO 

140/204 

50Anonpo- 

xoAiioO 

204/260 

Si  unpxy. 
naUHOH 
232/260 

304 

254 

25 

*  The  number  before  the  slash  indicates  the  fuel 
temperature  in  the  preheater,  while  the  following 
number  indicates  the  fuel  temperature  at  the 
filter. 

1)  Index;  2)  fuel  type;  3)  JP-X  prototype  fuel', 

4)  test  method;  5)  single-pass;  6]  with  clrculi'.- 
tion;  7)  test  temperature,  °C*;  8)  maximum  admis¬ 
sible  pressure  drop  across  filter  after  300 
minutes,  mm  Hg. 
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Pig.  219.  Diagram  of  LTS  apparatus 
for  determining  thermal  stability  of 
fuels  under  dynamic  conditions  [10]. 

1)  Radiator;  2)  pressure  valve;  3) 
filter  in  holder;  4)  manometer  damper; 

5)  differential  mercury  manometer; 

6)  spring  manometer;  7)  thermometer 
for  measuring  pure  temperature;  8) 
heating  coll;  9)  rotameter;  10)  first 
filter;  11)  reduction  valve;  12)  re¬ 
lease  valve;  13)  gear  pump;  l4)  elec¬ 
tric  motor;  15)  thermostating  heater 
air  Jacket;  I6)  fuel  tanks;  17)  ther¬ 
mometer  for  measuring  air  temperature; 
18)  contact  thermometer. 


TABLE  171 

Results  of  Determination  of  Fuel 
Thermal  Stability  in  LSA  and  LST 
Apparatus  [9I  -  150°) 


1  06pa3Ku  ToasBB 

2  KonnHccTio 
*  ocoAxa  upu 
OKlICACmiU 

0  upiiQopo  JlCA) 

Mt(\W  MA 

^poMR  saCni* 

HU  l))Uai.Tpt  ' 
yCTBUOIKB 
Jll'C,  UUR. 

1 

24.8 

245 

2 

183 

230 

Hi 

133 

240 

Hi 

42.2 

130 

H  4,  OBomeDRUfi  ba* 

C0|i6tttT0M 

83 

>300 

4+ O.O&fi  simetA* 
Kit  A 

7,4 

>300 

1)  Fuel  specimen;  2)  quantity  of  de¬ 
posit  on  oxidation  in  LSA  Instrument, 
mg/100  ml;  3)  time  to  plugging  of  LST 
filter,  minutes;  4)  No.  4,  cleaned  by 
adsorbent;  5)  No.  4  +  0.05S^  additive  A. 
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On  the  basis  of  numerous  tests,  a  thermal-stability  index  of 
300  minutes  has  been  established  in  the  USA  for  fuels  tested  by  the 
CPR  method. 

INFLUENCE  OP  TEMPERATURE  ON  DEPOSIT  FORMATION  IN  FUELS  AND  THEIR 
THERMAL  STABILITY 

At  storage  temperatures,  deposits  form  in  VRD  fuels  at  a  very 
low  rate  [15]**  At  temperatures  above  100-110°,  the  rate  of  formation 
of  the  deposits  in  commercial  fuels  increases  sharply;  for  deposits 
to  begin  to  form  in  a  fuel,  it  is  only  necessary  that  the  fuel  be  held 
for  a  short  time  (a  few  minutes)  at  elevated  temperature. 

Investigations  carried  out  by  both  static  [7l  and  dynamic 
methods  [3,  l6]  have  shown  that  while  scaling  is  aggravated  by  ele¬ 
vated  temperature  for  some  fuels,  most  commercial  fuels  have  a  most 
"dangerous"  temperature  zone  at  about  120-190°.  Within  this  zone,  the 
rate  of  deposit  formation  and  the  rate  or  filter  clogging  by  the 
deposits  are  at  their  maximum  (Pigs.  220  and  221).  At  higher  tempera¬ 
tures  (200-220°),  the  fuels  filter  without  clogging  the  filters  Just 
as  they  do  at  lower  temperatures  (below  100-110°).  The  temperature 
zones  of  sedimentation  are  different  for  different  types  of  fuels 
(Table  172).  T-1  fuel  begins^to  clog  the  filter  at  a  lower  temperature, 
while  T-5  fuel  and  most  specimens  of  TS-1  fuel  begin  this  at  higher 
temperatures.  The  temperature  of  fastest  sedimentation  for  T-1  fuel 
is  below  that  for  many  specimens  of  TS-1  and  T-5  fuels.  The  thermal 
stability  of  the  high-sulfur  TS-1  fuel  is  heavily  dependent  on  its 
origin;  many  specimens  of  fresh  (recently  refined)  fuel  of  this  grade 
do  not  plug  the  filters  with  deposits  at  all. 

Fuel  T-2  -  a  direct-distilled  fuel  of  expanded  fractional  compo¬ 
sition  that  contains  gasoline  fractions  —  filters  without  clogging 
the  filters  in  the  temperature  range  from  150-200°.  Cracking  kerosene 
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Pig.  220.  Thermal  stability  of  VRD  fuels  and 
its  temperature  dependence,  a)  Thermal  stabil¬ 
ity  of  American  VRD  fuels  as  a  function  of 
temperaturej  teat  by  dynamic  method  [3];  1,  2, 
3i  ft)  fuel  specimens,  b)  Average  rate  of  filter 
clogging  as  a  function  of  temperature  (test  on 
LTS  apparatus  [16]);  1)  Type  T-5  fuelj  2)  type 
T-1  fuel;  3)  type  TS-1  fuel.  A)  Pressure  drop 

after  filter,  kgf/cm^;  B)  temperature,  °C; 

C)  average  rate  of  filter  plugging,  mm  Hg/mln; 

D)  test  temperature,  C. 


has  lower  thermal  stability;  its  deposit- forming 
rate  has  reached  its  maximum  at  a  temperature 
as  low  as  120°. 

The  Initial  temperature  of  formation  of 
filter-blocking  deposits  sets  a  practical  limit 
to  the  temperature  range  at  which  the  fuel  in 
question  can  be  used.  On  heating,  the  properties 


Fig.  221.  Influ¬ 
ence  of  tempera¬ 
ture  on  deposit 
formation  in  TS-1 
and  T-1  fuels 
(bomb  oxidation 
[7]).  1)  TS-1;  2) 
T-l  ;  3)  TS-1  with 
ui-tirti:©;  ft)  T-1 
'.vluh  bronze.  A) 
quantity  of  depos¬ 
it,  mg/100  ml;  B) 
temperature,  ®C. 


of  a  fuel  change  as  a  result  of  oxidation  of 
hydrocarbons,  which  results  In  Increased  acidity 
and  Increased  tar  content  In  the  fuel.  For  com¬ 
mercial  fuels  produced  by  direct  distillation, 
these  chatiges  are  relatively  minor  on  transient 
heating  even  to  the  highest  test  temperatures 
tl6J.  Apart  from  Insoluble  deposits,  tarry  de- 


TABLE  172 

Temperature  Range  of  Sediment  Formation  in  Jet  Fuels 
(by  dynamic  method,  LTS  apparatus)  llbj 
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4 
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■ 
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miu. 
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eiiqpamn 
uSuaitaH 
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AM  pm. 
em/MUH 

9  Kcpocnn  npAMOfi  ttcpcronnu 
nj  ncccpiincTux  uodiToii  (rnna 

'M) . 

10  Oi'MCr'II'flllMri  KCpOCSIll  npK~ 
MOii  iieporniiKH  it:«  copnncTux 

110 

140 

120-180 

tic-liTcii  (Tiiiia  TC-1) . 

11  Toii.itino  tin  ocitono  Kcpocit* 
iio-rnnori.'tODMx  i^ipaKunilk  npii* 

>  UO-150 

160-180 

120-300 

23-W 

^toft  ncpcrotiKii  (Tiiiia  T-S)  .  . 
12  Ton.miio  itn  ociiono  riciianuo* 
itnpociiitonMX  {ipaKitnii  npnuoii 

>140 

170-180 

>2001 

50-120 

6Ji-2S 

ucpcrouKu  (Tuua  T-2)  .... 

J,  j  npOiicBax  KHnepaTyp  100—200*  npaKni> 
HCCKB  uo  oCpaayeT  ocaAKos.  aaonaatooua 

l4  Tonanso  na  ocnoBO  6cn}BBO> 
KCpOcnilODUX  l^paKUBii  c  Bpo* 

16 

fBAkip 

UBBcnMosTn  or  a^^ityaBao* 
era  BuraoNitCJiHTeBii 

.’U'kTQMn  KpoKuura  (tuoa  f^) 

120  u  Miuxe 

130-160 

•• 

150-170 

2,0-S.4 

17Kopocuti  TopsinxecKOro  Kpc- 
KQura  . 

>100 

~140 

>160 

50 

6.9 

1)  Fuel;  2)  temperature,  C;  3)  onset  of  filter 
clogging}  4)  maximum  race  of  5) 

upper  temperature  limit  of  filter 
mal  stability  at  temperature  of  maximal  filter 
clogging;  7)  time  to  clogging  of 
8)  average  rate  of  filter  clogging,  mm  Hg/mln,  9) 
direct-distillation  kerosene  from  low-sulfur  pe¬ 
troleums  (type  T-1);  10)  lightened  kerosene  from 
dii’oet  distillation  of  high-sulfur  petroleums 
(type  TS-1);  11)  fuel  based  on 

fractions  from  direct  distillation  (type  »  12) 
fuel  based  on  gasoline- kei'osene  fractions  oi  direct 
distillation  (type  T-g);  13)  within  temperature 
range  from  100  to  200°,  practically  no  ^^i^ter-clog- 
King  deposits  form;  14)  fuel  based  on  f^sollne- kero¬ 
sene  fractions  with  cracking  products  (type 
15)  depends  on  ef.ectiveness  of  antioxidant,  10} 
and  higher;  17)  thermal— cracking  kerosene. 


120 


posits  may  form  on  hot  metal  surfaces  of  the  fuel-system  components 
(for  example,  in  the  oil  radiator,  etc.).  The  quantity  of  these  de¬ 
posits  depends  on  the  extent  to  which  the  fuel  is  oxidized  and  Increas 


es  with  Increasitig  temperature  and  longer  test  tiroes. 


The  Influence  of  temperature  on  the  formation  of  deposits  in 
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fuels  comes  into  evidence  not  only  on  heating,  but  also  on  cooling  of 
the  fuels  from  higher  temperatures  to  temperatures  from  150-130°,  For 
certain  fuels,  extremely  rapid  deposit  formation  and  filter  blocking 
by  these  deposits  is  observed  particularly  during  slow  cooling  ol' 
fuels  that  have  been  heated  to  a  temperature  of  the  order  of  200°  [3]* 
In  this  case,  the  same  relationship  prevails  as  in  heating  of  fuels 
from  the  ambient  temperature  to  higher  temperatures  (see  Pigs,  220  and 
221)  —  the  maximum  rate  of  sediment  formation  corresponds  to  a  certain 
temperature  zone. 

On  the  basis  of  their  research,  both  foreign  [3.'  and  Soviet 
[20]  researchers  have  come  to  the  conclusion  that  most  ordinary  com¬ 
mercial  direct-distillation  fuels  have  Inadequate  thermal  stability. 

To  raise  the  temperature  at  which  the  fuels  can  be  used  in  engines, 
it  will  be  necessary  to  improve  the  thermal  stability  of  the  fuels, 

COMPOSITION,  STRUCTURE  AND  MECHANISM  OP  PORMATION  OP  DEPOSITS  IN 
FUELS 

The  general  qualitative  laws  governing  sediment  formation  In 

> 

fuels  were  set  forth  in  Chapter  12.  The  present  chapter  will  be  con¬ 
cerned  only  with  the  data  that  are  necessary  for  treating  the  problem 
of  fuel  thermal  stability, 

T^ie  deposits  that  foim  in  the  fuels  at  elevated  temperatures  are 
conglomerates  of  carbold  particles  cemented  to  one  another  by  tarry 
substances.  The  tarry  part  of  the  deposit  can  be  removed  by  process- 
ir^g  with  polar  solvents. 

In  deposits  obtained  from  fuels  of  the  dlrect-dlstlllatlon  kero¬ 
sene  type,  about  53-6956  of  tarry  compounds  and  47-3156  of  carbold  com- 
p^mruls  may  be  present  [61|.  The  chemical  nature  of  the  deposits  has 
:>4> .  been  ascertained  with  sufficient  clarity;  they  are  of  oxidative 
origin,  since  they  do  not  form  in  the  absence  of  oxygen  and  contain 
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TABLE  173 

Elementary  Composition  of  Deposits  and  Their  Ash 
Content  as  Functions  of  Conditions  of  Formation 
and  Fuel  Type  [5,  6,  17] 
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The  ash- forming  element  content  (without  oxygen) 
is  given  here, 

**  By  subtraction. 

1)  Fuel;  2)  conditions  of  deposit  fonnation;  3)  ash 
content  of  deposit,  $  by  weight;  4)  composition  of 
deposit  by  elements,  ^Sby  weight;  5)  direct-distilled 

kerosene,  specimen  1,  6)  120  ,  oxidation  in  presence 
of  bronse;  7)  same,  specimen  2;  8)  same;  9)  cracking 
kerosene;  lO)  American  jet  fuel,  specimen  1;  11) 
204^,  oxidation  without  metal;  12)  USA  specimen  2; 

13)  in  full-scale  fuel  system;  13a)  basically  FegO^; 

14)  type  N{  13)  oxidation  in  metallic  appara¬ 

tus;  16)  kerosene- gas- oil  fraction;  17)  same. 


large  quantities  of  that  element  (Table  173) • 

The  tarry  part  of  the  deposits  is  characterised  by  high  acidity 
(up  to  23O-290  iGg  of  KOH  per  1  g  (6}),  and.  In  cases  where  the  de¬ 
posits  are  obtained  from  a  fuel  containing  a  cracking  compcment,  by 
a  high  iodine  number  as  well  (about  90  g  of  iodine  per  100  g  16]), 

When  uhe  deposits  are  examined  by  spectral  methods,  It  is  found  that 
the  carboxyl  and  aldehyde  functional  groups  predcHSinate  in  them.  The 
presence  of  the  arcsnatlc  ring  has  also  been  established  in  the  deposits 


by  these  same  methods.  Inorganic  ash- forming  elements  may  constitute 
a  considerable  part  of  the  deposits.  The  ash  content  of  the  deposits 
depends  on  the  conaitlons  under  which  they  formed  and  the  chemical 
nature  of  the  fuel.  Table  173  presents  data  on  the  elementary  compo¬ 
sition  and  ash  content  of  the  gross  deposits  formed  in  fuels  of  dif¬ 
ferent  origins. 

On  oxidation  of  fuel,  the  deposits  formed  contain  ash  elements 
in  quantities  that  produce  up  to  3-75^  of  ash,  even  in  the  absence  of 
metallic  surfaces.  On  single-pass  pumping  of  fuel  through  a  metallic 
heater,  the  quantity  of  ash  in  the  deposit  increases  to  15-2056,  while 
on  multiple  circulation  of  hot  fuel  in  a  metal  apparatus,  the  deposit 
ash  content  reaches  30-5056.  Deposits  formed  from  fuels  possessing 
high  corrosive  aggressiveness  contain  the  largest  amounts  of  ash. 

Spectral  analysis  of  the  ash  indicates  that  a  wide  variety  of 
elements  is  present  in  it  (see  Chapter  22  [sic]), 

Metals  in  contact  with  a  fuel  that  oxidizes  at  elevated  tempera¬ 
ture  may  have  an  Influence  on  the  quantity  of  deposit  formed  in  the 
fuel,  not  only  as  a  result  of  corrosion  processes,  but  also  because 
they  are  oxidation  catalysts. 

Copper  and  copper  alloys  have  the  stroiigeat  effect  In  oxidizing 
fuels  and  forming  deposits  in  themj  steel  and  aluminum-alloy  specimens 
have  shown  much  lower  catalytic  activities.  As  the  tei^erature  rises 
from  120  to  200-250^,  the  dtffoi*enGes  between  the  catalytic  activities 
of  the  metals  tend  to  level  off. 

The  dispersion  of  the  deposits  is  an  important  factor  In  filtra¬ 
tion  of  the  fuels  through  fuel  filters.  The  quantity  of  deposit  suf¬ 
ficient  to  stop  the  filter  completely  under  the  conditions  of  con- 
ruei  flow  is  very  small  and  reckoned  in  mliilgraitis  per  l  c&F 
Of  filter  surface.  Depending  on  tea^^atui^e  and  the  properties  qi  in 
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Pig.  22k.  'Electron  micrographs  ol*  high- tempera¬ 
ture  depotsits  and  sediments  (10,000  x) .  l) 

Gross  deposit  from  dlrect-dlstllled  kerosene 
In.  metallic  apparatus,  150°j  2)  tarry  part  of 
deposit  from  fuel  with  cracking  products,  200°, 
in  glass  apparatus;  3)  carbold  part  of  deposit 
from  direct-distillation  fuel,  200°,  In  glass 
apparatus . 

fuel,  the  filter-blocking  deposits  are  characterised  by  different 
dispersions  and  densities. 

At  the  initial  temperatures  of  deposit  formation  (120-140°,  de¬ 
pending  on  fuel  type),  the  filters  are  blocked  by  very  fine  particles 
of  a  light  gray  color  that  penetrate  into  their  pores  and  are  almost 
invisible  on  the  surface.  At  higher  temperatures  (150-200°),  the  de¬ 
posits  become  dark  and  pile  up  on  the  surface  of  the  filter.  It  iias 
been  established  that  the  part’.f'le  sise  of  the  deposits  that  form  in 
lt.5,  T-l  and  TS-1  fuels  does  not  exceed  50  p  at  temperatures  below 
150°,  while  it  runs  to  50-120  at  temperatures  fr<Mn  150-250°  (ISJ.* 
The  presence  of  particles  of  different  shapes  and  siaes  in  the 
deposits  was  established  by  electron-microscope  examination.  Crystal¬ 
line  and  amorphous  (pastel  ike*  gi^anular)  particles  of  oblong  or 
spherical  shape  ajits  ranging  in  siae  from  tenths  of  a  micron  to  several 


microns  were  detected  [3,  4], 

Figure  222  shows  electron  micrographs  of  certain  deposits,  as 
well  as  the  tarry  sediment  that  formed  on  the  metallic  surfaces.*  The 
insoluble  part  of  the  deposit  consists  of  Individual  spherical  parti¬ 
cles  about  0.5  [X  and  smaller  in  diameter  and  joined  together  in 
branched  chains.  These  chains  are  also  held  together  by  tarry  substanc¬ 
es,  with  the  result  that  conglomerates  of  particles  form  and  block  the 
fuel  filters . 

The  above  data  on  the  composition  and  structure  of  the  deposits 
justify  the  assumption  that  they  are  formed  basically  as  a  result  of 
polymerization  and  condensation  of  the  oxidation  products  of  nonhydro¬ 
carbon  compounds  present  in  the  fuels  [4,  5];  an  increase  in  tempera¬ 
ture  sharply  accelerates  the  deposit- format ion  process.  It  is  also 
assumed  that  the  precipitation  of  deposits  in  a  definite  temperature 
zone  is  the  result  of  a  change  in  the  state  (coagulation)  of  the  oxi¬ 
dation  products  of  nonhydrocarbon  impurities  present  in  the  fuel  in 
the  form  of  a  colloidal  solution  [l6]. 

INFLUENCE  CP  CHEMICAL  COMPOSITION  OP  FUELS  ON  THEIR  THERMAL  STABILITY 

In  commercial  hydrocarbon  fuels  of  the  aviation-kerosene  type, 
there  are  present  in  insignificant  quantities  certain  nonhydrocarbon 
compounds  -  sulfur,  nitrogen  and  oxygen  compounds;  traces  of  com¬ 
pounds  containing  metals  may  also  be  present.  Their  quantity  does  not 
normally  exceed  1-2^  [19,  20].  In  [Soviet]  aviation  kerosenes,  the 
content  of  sulfur  compounds  may  run  to  0.4-1^^,  that  of  nitrogen  com¬ 
pounds  to  0.15-0.55^  [21]  and  that  of  oxygen  compounds  to  0.15-0.2^ 

[19].  When  gas  oil  fractions  are  included  in  VRD  fuels,  the  content 
of  nonhydrocarbons  increases. 

The  composition  of  the  deposits  that  form  in  fuels  on  heating  to 
nigh  temperatures  indicates  that  it  is  precisely  these  nonhydrocai-bor..' 
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that  are  the  primary  sources  of  deposit  formation,  since  sulfur,  nitro 
gen  and  oxygen  compounds  are  always  present  in  them  in  higher  concen¬ 
trations  than  in  the  initial  fuel  [3>  6,  17]. 


TABLE  174 

Thermal  Stability  of  Specimens  of  Various  Commer¬ 
cial  Fuels  and  Their  Hydrocarbon  Components  [20] 
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*  The  elimination  of  nonhydrocarbon  compounds  may 
not  be  complete. 

1)  Puelj  2)  thermal  stability  at  temperature  of 
maximum  deposit  formation;  3)  time  to  blocking  of 
filter,  minutes;  4)  average  rate  of  filter  block¬ 
ing,  mm  Hg/mln;  5)  temperature  of  maximum  deposit- 
formation  rate  for  given  fuel  specimen,  °C;  6)  di¬ 
rect-distillation  kerosene  from  low- sulfur  petro¬ 
leums;  7)  hydrocarbon  part  of  the  same  fuel;  8) 
lightened  direct-distillation  kerosene  from  high- 
sulfur  petroleums;  9)  hydrocarbon  part  of  the 
same  fuel;  10}  kerosene- gas- oil  fractions  of  di¬ 
rect  distillation  from  low-sulfur  petroleums;  11) 
hydrocarbon  part  of  the  same  fuel;  12)  thermal- 
cracking  kerosene;  13)  hydrocarbon  part*  of  the 
same  fuel . 

When  the  nonhydrocarbons  are  eliminated  from  the  fuel  (for  exam¬ 
ple,  by  adsorbent  purification),  its  thermal  stability  increases 
sharply  (Table  174)  [20].  On  the  other  hand,  when  nonhydrocarbons 
are  added  to  a  purified  fuel,  the  thermal  stability  of  the  fuel  de- 
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Pig.  223.  Influence  of  nonhydrocarbon  compounds 
In  fuels  on  their  thermal  stability  [20].  a)  Ther¬ 
mal  stability  of  type  T-1  fuel  with  different 
amounts  of  nonhydrocarbon  compounds;  1)  Commercial 
fuel  specimen;  2)  38  mg/lOO  ml  of  nonhydrocarbons 
added;  3)  150  mg/100  ml  of  nonhydrocarbons  added, 
b)  Average  rate  of  filter  blocking  as  a  function 
of  amount  of  nonhydrocarbons  added .  A)  Pressure 
drop  across  filter,  mm  Hg;  B)  duration  of  tests, 
min;  C)  average  rate  of  filter  blocking,  mm  Hg/min; 
0)  quantity  of  tarry  nonhydrocarbons,  iwlOO  ml. 


teriorates  in  proportion  to  the  concentration  of  the  impurities  intro¬ 
duced  (Pig.  223)  [20], 

The  influence  of  specific  nonhydrocarbon  compounds  on  the  thermal 
stability  of  fuels  has  not  yet  been  studied.  There  are  only  occasional 
references  to  the  effect  that  among  the  sulfur  compounds  present  in 
the  fuels,  the  polysulfides,  higher  aromatic  mercaptans  and  aliphatic 
mercaptans  have  the  strongest  tendencies  toward  oxidative  transforma¬ 
tions.  The  other  sulfur  compounds  are  practically  inert  [3].  It  is 
indicated  that  certain  sulfur  compounds  in  petroleum  are  thermally 
unstable  even  at  temperatures  as  low  as  130-150°  [22,  23].  Among  the 
nitrogen  compounds,  the  least  stable  are  pyrrole  and  the  aliphatic 
trlamlnes  [3l. 

Apart  from  nonhydrocarbon  impurities,  the  composition  of  the 
hydrocarbon  part  of  a  fuel  may  influence  its  thermal  stability. 
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The  thermal  stabilities  of  the  various  groups  of  hydrocarbons 
have  not  yet  been  adequately  studied.  Certain  authors  are  of  the 
opinion  that  as  regards  thermal  stability,  the  hydrocarbons  array 
themselves  in  order  of  their  tendency  to  liquid-phase  oxidation  [l4]. 
This  view  is  supported  by  data  on  the  thermal  stability  of  certain 
specific  hydrocarbons  [15]  and  a  number  of  synthetic  fuels  [8,  25]. 

Among  the  hydrocarbons  investigated,  the  blcyclic  aromatic  hydro¬ 
carbons  have  the  poorest  thermal  stability  (Pig.  224).  Both  saturated 
and  unsaturated  aliphatic  hydrocarbons  are  highly  stable. 

Data  on  the  very  low  thermal  stability  of  polyalkylbenzene, 
which  apparently  contains  blcyclic  aromatic  hydrocarbons,  and  the 
high  [  thermal  stability]  of  the  synthol  kerosene  fraction,  which 
consists  of  aliphatic  hydrocarbons,  are  in  good  agreement  with  the 
above  [8].  Naphthene-base  fuels  possess  excellent  thermal  stability 
and  fuels  based  on  Isoparaffins  are  rated  very  high  in  this  respect 

[25). 

The  high  stability  of  synthetic  fuels  as  compared  to  commercial 
fuels  may  be  accounted  for  not  only  by  their  hydrocarbon  composition, 
but  also  by  the  absence  of  nonhydrocarbon  impurities. 

Olefin-aromatic  hydrocarbons,  the  content  of  which  in  direct- 
distilled  fuels  may  reach  256,  are  regarded  as  a  probable  source  of 
sediment  formation  [19l‘ 

On  addition  of  cracking  kerosene  to  direct-distilled  kerosene, 
the  thertnal  stability  of  the  latter  deteriorates  sharply.  Kov^ever, 
the  unsaturated  kerosene  hydrocarbons  e.xert  an  Influence  considerably 
weaker  than  that  of  the  nonhydrocarbons  that  accompany  them  (Fig. 

225)  [20]. 

Available  experimental  data  peinult  us  the  conclusion  that  the 
thermal  stability  of  the  hydrocarbon  part  of  commercial  fuels  Is  ade- 
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Pig.  224,  Thermal  stabilities 
of  certain  individual  hydro¬ 
carbons  [15]  (test  by  dynamic 
method  at  a  heater  tempera¬ 
ture  of  232°,  a  filter  tem¬ 
perature  of  204°,  and  filter 
pores  5  M-  in  diameter)  .l)a- 
methylnaphthalene j  2)  tetra- 
lln;  3)  cls-decallnj  4)  do- 
decanes  j  5)  dodecene-lj  6) 
cetene.  A)  Resistance  of  fil¬ 
ter,  atmospheres;  B)  time, 
hours , 
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Pig.  225.  Influence  of  crack¬ 
ing-kerosene  admixture  and 
hydrocarbon  part  thereof  on 
thermal  stability  of  direct- 
distilled  fuel  [20].  1)  With 
cracking  kerosene;  2)  with 
hydrocarbon  part  of  cracking 
kerosene.  A)  Average  rate  of 
filter  blocking,  mm  Hg/mln; 

B)  content  of  hydrocarbon 
part  or  cracking  kerosene  in 
mixture,  by  volume. 


quately  high;  the  basic  sources  of  deposit  formation  are  the  nonhydro¬ 
carbons  present  in  the  fuels.  As  a  result,  the  thermal  stability  of 
the  fuels  Is  not  an  additive  property;  when  fuels  are  mixed,  the  mix¬ 
ture  has  a  thermal  stability  closer  to  that  of  the  poorer  fuel. 

METHODS  OP  IMPROVING  THERMAL  STABILITY  OP  FUELS  AT  ELEVATED  TEMPERATURES 
The  formation  of  deposits  in  fuels  at  elevated  temperatures  may 
be  reduced  by  two  fundamentally  different  methods:  a)  by  raising  the 
thoimal  stability  of  the  fuels;  b)  by  chatiging  the  conditions  under 
which  the  fuel  Is  used  -  by  excluding  contact  of  the  fuel  with  air. 

The  thei'mal  stability  of  fuels  Is  raised  when  they  are  purified 
of  compounds  that  act  as  deposit- format  Ion  sout'ces  or  when  special 
additives  are  introduced. 

Influence  of  Various  Purification  Measures 

In  sulfuric-acid  purification,  a  considerable  part  of  the  non- 
hydrocarbons  is  eliminated  from  fuels  and  the  thermal  stability  o*’ 


TABLE  175 

Thermal  Stability  of  JP-X  Fuels  Produced  by  Hydro¬ 
genating  Aromatic  Concentrate,  as  a  Function  of 
Depth  of  Hydrogenation  of  Raw  Material  [14] 
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*  The  figure  Defore  the  slash  Indicates  the 
temperature  of  the  fuel  in  the  preheater,  and 
the  following  figure  the  temperature  of  the 
fuel  at  the  filter. 

A)  Indexj  D)  fuel  specimen  No.;  C)  quantity  of 
unhydrogenated  aromatic  hydrocarbons,  %  by 
volume;  D)  content  of  sulfur  in  hydrogenate,  ^ 
by  weight;  E)  thermal  stability;  Ea)  test  time, 
minutes;  Eb)  test  temperature*;  Ec)  pressure 
drop  across  filter,  mm  Hg. 


the  fuel  raised  to  the  required  level  (13]* 

The  Americans  have  tested  a  method  in  which  the  .thermal  stability 
of  Jet  fuels  is  raised  by  purifying  them  with  liquid  sulfuric  anhydride, 
but  the  prospects  for  this  method  are  acknowledged  to  be  poor  [25l* 
Adsorbent  purification  of  fuels  gives  good  results  t3»  80],  but  this 
method  of  purifying  the  fuels  has  not  yet  c into  industrial  use. 

One  of  the  promising  processes  for  producing  fuels  with  high 
thennal  stability  is  hydraulic  purification.  In  this  process,  the 
l^drocarbon  part  of  the  fuel  is  not  subject  to  profound  chemical 
modification,  but  sulfur,  nitrogen  and  metals  are  removed,  and  we 
also  observe  .«jaturation  of  olefins  and  decomposition  of  oxygen- con¬ 
taining  compounds  [26].  Use  of  this  process  makes  it  possible  to  ob¬ 
tain  highly  stable  fuels  from  the  Eastern  high-sulfur  petroleums  of 
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the  USSR  [7]. 

Hydrogenation  of  aromatic  concentrates  separated  by  fractiona¬ 
tion  from  products  of  catalytic  cracking  and  reforming  may  be  used  to 
produce  "exotic"  fuels  having  high  density  and  high  heats  of  combus¬ 
tion  and  characterized  by  excellent  thermal  stability  [l4].  In  the  USA, 
these  fuels  are  designated  by  the  letters  JP-X,  However,  the  produc¬ 


tion  of  highly  stable  fuels  requires  total  saturation  of  the  aromatic 
concentrates  by  hydrogen  and  complete  desulfurization  (Table  175) . 

Fuels  containing  metallic  hydrides  (for  example,  boranes)  and 
suspensions  of  metals  (for  example,  lithium)  in  the  fuels  and  hydra¬ 
zine  are  also  promising.  The  thermal  stability  of  such  fuels  is  given 
a  lower  point  rating  than  that  of  hydrocarbon  fuels  [6]. 

In  the  USA,  considerable  attention  is  being  devoted  to  the 
hydrocracking  process  [4,  25],  since  this  method  may  be  applied  to 
residual  fuels  to  produce  types  JP-4  and  JP-5  VRD  fuels  whose  thermal 
stability  surpasses  that  of  dlrect-dlstlllatlon  fuel  (25).  However, 
the  Industrial  acceptance  of  the  hydrocracking  process  in  the  USA  is 
not  expected  in  the  immediate  future,  since  the  residual  fuels  that 
form  the  raw  material  for  it  are  widely  used  as  boiler  fuels  (27). 
Influence  of  Additives 

The  antioxidants  used  to  raise  the  stability  of  fuels  under  the 
conditions  of  storage  (Pig.  226)  do  not  px’evenU  the  formation  of  de¬ 
posits  in  the  fuels  at  high  temperatures  (3>  4,  6).  The  quantity  of 
deposits  foi*roed  in  the  fuels  on  heating  may  be  reduced  by  the  intro¬ 
duction  of  anticorrosion  additives;  in  this  case,  the  inorganic  com¬ 
ponent  of  the  depotlt  la  rtduoed  ta  a  raault  of  the  reduced  corrosive 
action  of  the  fuel  on  the  metals  of  the  fuel-handling  apparatus. 

The  use  of  additives  that  prevent  growth  of  the  deposit  parti¬ 
cle.*.  or  bleak  up  particle  lumps  that  have  already  formed  (see  Pigs. 
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226  and  227)  is  highly  effective  [28]. 

I 

Noranineral  additives  of  the  polar- 
polymer  type  [29,  30],  which  are  prod¬ 
ucts  of  copolymerization  of  compounds 
containing  nitrogen  bases  with  a  com¬ 
ponent  that  improves  their  solubility 
in  fuel  (see  Chapter  l4),  are  the  most 
effective.  It  has  been  proposed  [29, 

30]  that  detergent- type  additives  have 
a  peptizing  effect  on  colloidal  oxida¬ 
tion-product  particles  and  prevent 
their  coagulation  by  holding  the  de¬ 
posit  in  the  form  cf  a  fine  suspension. 
Those  additives  that  perform  several  functions,  acting  simultane¬ 
ously  as  antioxidants,  anticorrosion  agents  and  detergents,  are  the 
best  ones  for  raising  the  thermal  stability  of  fuels.  An  additive 


u 

Pig.  227.  Action  cf  detergents  on  high- 
temperature  deposits  [29]  (electron  micro¬ 
graphs,  4l00x) .  a)  Initial  fuelj  b)  same 
fuel  after  test  by  CPR  method;  c)  fuel 
with  detergent  after  CPR  test. 

designed  to  improve  the  thermal  stability  of  fuels  may  also  be  formed 
by  combining  2-3  additives  possessing  one  or  two  of  the  functions 
enumerated  above  [30).  The  maximum  Increase  in  fuel  thermal  stability 
may  be  achieved  by  combining  purification  with  addition  of  "optimal” 
additives . 


Pig.  226.  Effect  of  anti¬ 
oxidants  and  dispersing  ad¬ 
ditives  in  improving  ther¬ 
mal  stability  of  fuel  [28]. 

1]  Fuel  without  additive; 

2)  with  superior  antioxi¬ 
dant;  3,  4,  5)  with  various 
dispersing  additives.  A) 

p 

Pressure  drop,  kgf/cm  ;  B) 
test  time,  hours. 
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Effect  of  Filling  Fuel-Tank  Airspace  with  Inert  Gas 

If  the  fuel  tanks  are  airtight,  the  airspace  in  them  may  be  filled 
with  either  air  or  an  inert  gas,  supplied  under  a  certain  pressure, 
as  the  fuel  is  consumed.  Formation  of  deposits  falls  off  sharply  In 
fuels  that  are  under  pressure  exerted  by  an  inert  gas  (Table  176) . 

To  gain  anything,  the  air  must  be  eliminated  thoroughly  from  the 
fuel  tanks,  since  even  a  minor  admixture  of  oxygen  to  the  inert  gas 
will  contribute  to  increased  deposic  formation  (Pig.  228) .  Similar 
results  were  obtained  in  tests  of  TS-1  fuel  at  temperatures  from  100 
to  200°  by  the  dynamic  method  [31];  it  was  established  that  in  the 
presence  of  a  pillow  of  nitrogen  or  of  the  fuel's  own  vapor  in  the 
space  above  it,  the  thermal  stability  of  the  fuel  increased  consider¬ 
ably.  Under  the  test  conditions,  a  3*5-^.2-^  oxygen  content  in  the 
nitrogen  did  not  have  such  a  sharply  detrimental  effect  as  in  static 
tests  run  on  T-5  fuel. 

TABLE  176 

Influence  of  Nitrogen  on  Thermal 
Stability  of  T-5  Fuel  [8]  (oxida¬ 
tion  in  LSA  apparatus,  t  =  200°) 


1  npoMil  OKueaeunii 

3I1o.iiimcctdo  ocaAKi,  jhi/100  ma 

a  iTMOC^pO 

6  uusAyxa 

a  aTuoci^pa 

7  asota 

10  unn . 

16,8 

8 

Hot 

6  . . 

10,2 

t.2 

8  » . 

10,2 

i.l 

1]  Oxidation  time;  2)  10  minutes; 

3)  6  hours;  4)  8  hours;  5)  quan¬ 
tity  of  deposit,  mg/100  ml;  6)  In 
air  atmosphere;  7)  in  nitrogen  at¬ 
mosphere;  8)  none. 

A  certain  amount  of  attention  has  been  devoted  to  this  method 
of  countering  accumulation  of  deposits  In  engine  fuel  systems  In 
tiie  USA  [4]. 
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CHANGE  IN  THERMAL  STABILITY  OP  FUELS 
DURING  STORAGE 

Commercial  VRD  fuels  produced  by 
.  direct  distillation  of  petroleum  can 
be  stored  for  long  periods  (several 
years)  without  undergoing  any  notice¬ 
able  changes  in  their  physicochemical 
properties.  Observations  of  the  ther¬ 
mal-stability  changes  undergone  by 
fuels  during  storage  were  begun  only 
during  the  last  few  years. 

The  changes  to  which  the  nonhydro¬ 
carbon  components  of  fuels  are  subject 
during  storage  have  not  been  given 
adequate  study.  The  data  available  on  this  problem  (see  Chapter  10) 
lead  us  to  the  conclusion  that  nitrogen  and  sulfur  compounds  in  the 
fuels  form  insoluble  deposits  even  under  normal  storage  temperatures, 
but  that  this  process  unfolds  at  a  negligible  rate.  In  experimental 
storage  of  jet  fuels  under  various  climatic  conditions  in  the  USA 
(24  fuel  specimens  were  placed  in  the  experimental  storage),  insol¬ 
uble  deposits  formed  in  quantities  that  varied  as  a  function  of  the 
conditions  and  time  of  storage  (15J*  In  fuels  containing  a  catalytic- 
cracking  component,  as  much  as  30  mg  of  Insoluble  products  per  100  ml 
were  found  after  2-3  years  of  storage  in  a  torrid  climatic  zone.  The 
fllterabillty  of  all  fuels.  Including  direct-distilled  fuels  (Pig. 

229)  [15]  deteriorated  during  storage  under  normal  temperature  con¬ 
ditions.  The  insoluble  deposits  form  in  greater  quantities  in  storage 
of  highor-molecular-weight  (diesel)  fuels. 

In  [Soviet]  VRD  fuels,  insoluble  deposits  formed  in  small  quanti- 


Fig.  228.  Influence  of  oxy¬ 
gen  content  in  nitrogen  on 
formation  of  deposits  in 
fuel  at  200°  (oxidation  in 
LSA  apparatus,  6  hours) . 

A)  Quantity  of  deposit, 
mg/lOO  ml}  B)  content  of 
oxygen  in  nitrogen, 
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ties  during  artificial  aging  (at  50°) 
of  fuels  under  laboratory  conditions 
(2-4  mg/lOO  ml  over  7  months  of  labora¬ 
tory  storage) . 

The  formation  and  growth  of  in¬ 
soluble  particles  in  dlrect-dlstllled 
fuels  during  storage  were  recorded 


Pig.  229.  Influence  of 
storage  on  formation  of  in¬ 
soluble  deposits  and  fil- 
terability  of  Jet  fuels 
[15]  (storage  In  torrid 
zone,  filterabllity  at  nor¬ 
mal  temperature) .  a)  Ther¬ 
mal-cracking  fuel;  b)  mix¬ 
ture  of  direct-distillation 
and  catalytic- cracking 
fuels;  c)  mixture  of  direct- 
distillation,  catalytic- 
cracking  and  thermal- crack¬ 
ing  fuels;  d)  direct-dis¬ 
tilled  fuel.  A)  Insoluble 
tars,  mg/100  ml  or  filter 
resistance,  cm  Hgj- B)  stor¬ 
age  time,  years. 


with  the  aid  of  an  electron  microscope 
(Pig.  230).  As  will  be  seen  from  the 
micrographs,  changes  in  fuel  speci¬ 
mens  that  had  had  a  year  of  storage 
resulted  in  a  considerable  Increase  in 
the  number  of  microscopically  visible 
solid  particles;  their  size  had  in¬ 
creased  by  several  thousand  percent. 
The  accumulation  and  growth  of  solid 
particles  in  fuels  during  storage 


may  result  in  deterioration  of  their  thermal  stability.  It  was  noted 


that  fuels  that  have  been  stored  for  long  periods  had  thermal  stabil¬ 


ities  lower  than  those  of  fresh  fuels  (4j. 

Observation  of  the  behavior  of  two  different  fuel  specimens  from 
direct  distillation  showed  that  the  deterioration  of  thermal  stabil¬ 
ity  In  storage  is  evidenced  primarily  in  a  drop  in  the  Initial 
temperature  of  deposit  formation  (Table  177) . 

The  thertoal  stability  of  the  fuels  was  monitored  by  the  dynamic 
method  using  a  pumping  apparatus*  In  Spsoimsn  No.  1,  ths  dsposits 
formed  In  the  temperature  zone  from  150  to  iBO*^  in  a  test  run  prior 
to  storage;  when  the  fuel  was  tested  after  a  year  cf  storage,  the 
filter  was  blocked  by  the  deposit  rather  rapidly  even  at  130°.  In 
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specimen  No.  2,  no  deposit  blocking  of  the  filter  was  noted  at  temper¬ 
atures  of  l40-l80°  prior  to  storage;  after  a  year,  the  filter  plugged 
up  at  120°. 


Fig.  230.  Electron  micrographs 
of  fuels  before  and  after  one 
year  of  storage  (magnification 
1000  x) .  a)  Fuel  specimen  before 
storage;  b)  fuel  specimen  after 
1  year  of  storage.  1)  TS-i; 

2)  T-5. 
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TABLE  177 

Change  in  Thermal  Stability  of  Direct^ Diet illation 
Fuels  During  Storage 


■ 

M  1 

>1 

1  .  .**  3 

tfkMMMlM 

TMilMIMyyfUl 
WI<aM  MMk- 

*c 

cpcwii*  cm- 
pccn 

Amt-tka  utM 

fm.  rmitoui. 

tttMKtwty- 
^  MiHaM 
attMliil 
4*tAkTM. 

n: 

c{>eAM«ii 

ekoiwacyc  3.>- 

SkkiMi  um 

6 

Mo  - 

7  Ilocm  1  riivM  kfiMi*- 

<150 

2.1 

>150 

o^i 

....... 

<130 

3J 

<140 

14 

1)  Duration  of  storage;  2)  Specimen  No.  l;  3)  teia- 
perature  of  onset  of  filter  blocking,  .  "5^  4)  aver¬ 
age  rate  of  filter  blockisig  at  l3o®  tijs  Hg/jaln; 

5)  Specimen  No.  2;  6)  before  storage;  7)  after  1 
yenr  of  storage, 
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A  Bei  npu-  CuonOflOM  Bejnpu^  Cuoxc  -o-* '  ipe  Cum^m 
codnu  0,05  %  cadnu  0,05  %  mu/I'O-  0,05  % 

B  c  B  C  -O^UHO  ujNmu^ 

fftwww  BaiKport^ 
n  MMM/UW 
^  :  0.0t% 

Pig.  231.  Change  in  thermal  sta¬ 
bility  of  fuels  during  laboratory 
aging  for  4  months  at  50°C.  l)  T-1 
fuel;  II)  T-5  fuel.  1)  Before  ag¬ 
ing;  2)  after  aging.  A)  Deposit 
on  oxidation  in  LSA  at  150®,  mg/lOO 
ml;  B)  without  additive;  C)  with 
0.05$^ ionene;  with  phenyl-p- 
aminophenol;  E)  with  0.05/^  ionene 
and  0.01^  metal  deactivator. 

The  rate  of  filter  blocking  by  the  deposit  at  a  given  tempera¬ 
ture  increased  after  the  fuel  had  been  stored  (see  Table  177).  Con¬ 
sequently,  the  admissible  temperature  limit  at  which  the  fuels  can 
be  used  after  storage  drops  markedly.  It  is  therefore  necessary  to 
monitor  carefully  the  char^jes  in  the  thermal  stability  of  fuels 
during  storage. 

On  addition  of  certain  additives  to  the  fuel  (antioxidants, 
metals  deactivators),  the  changes  in  the  fuel  that  result  in  deteri¬ 
oration  of  thermal  stability  are  inhibited.  For  example,  Pig.  231 
shows  the  influence  of  these  additives  during  laboratory  storage  of 
a  fuel.  Addition  of  the  additives  or  a  mixture  of  additives  made  it 


possible  to  maintain  the  initial  thermal  stability  value  in  the 
fuel,  while  the  thermal  attblllty  of  a  fuel  stored  under  the  same 
conditions  without  the  additive  deteriorated.  A  positive  rerult  was 
also  obtained  in  storage  of  a  fuel  that  had  first  been  purified  of 
nonhydrocarbon  compounds,  particularly  if  a  stabilizing  additive  hud 


been  introduced  into  the  purified  fuel. 

It  has  been  ascertained  on  examination  of  thermal-stability 
data  on  VRD  fuels  that  although  ordinary  commercial  fuels  are  unstable 
at  temperatures  typical  for  the  conditions  of  supersonic  flight,  the 

problem  of  raising  their  thermal  otablllty  can  be  solved  by  accessible 

technological  measures. 
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Manu-  [Footnotes] 

script  ■  ' 

Page 

No. 

73^  The  Mach  number  (“M”)  Is  the  ratio  of  the  aircraft's  flight 

speed  to  that  of  sound,  which  is  approximately  119^.5  km/hr 
[2]  at  0°  and  atmospheric  pressure. 

743  See  Chapter  11. 

749  The  particle  size  was  determined  after  the  fuel  had  cooled 
to  room  temperature. 

750  The  electro'n  micrographs  were  made  by  A>ye.  Sazonov. 

[Transliterated.  Symbol] 

738  BPfl=VRD  =  vozdushno-reaktivnyy  dvlgate.l^  »  air-breathing 

react ion- thrust  enginefs)^ 


Chapter  83 

PROMISING  FUELS  FOR  AIR-REACTION  ENGINES  (VRD) 

The  effort  to  Increase  the  flight  speed,  range,  and  altitude  of 
aircraft  with  alr-reactlon  engines  has  made  extremely  urgent  not  only 
those  tasks  associated  with  the  Improvement  of  the  aerodynamic  char¬ 
acteristics,  materials,  and  design  of  Jet  aircraft,  but  It  has  also 
increased  the  importance  of  those  less  Important  Jobs  involving  the 
production  of  higher -quality  fuels.  The  primary  trends  In  the  improve¬ 
ment  of  fuels  for  air-reaction  engines  (VRD)  Involve  increasing  their 
power  characteristics  [1],  By  power  (energy)  characteristics  of  fuels 
for  VRD  we  mean  the  heat  of  combustion,  density,  and  completeness  of 
combustion.  These  characteristics  play  a  decisive  role  in  the  effi¬ 
ciency  of  VRD  and  in  the  flight -technical  characteristics  of  jet  air¬ 
craft. 

Thus  the  flight  velocity  of  an  aircraft  with  an  air-reaction  en¬ 
gine  (VRD)  at  the  present  time  is  increased  by  using  powerful  thrust- 
augmented  engines  whose  shortcoming  lies  in  the  fact  that  it  involves 
an  increased  hourly  fuel  flow  rate  attaining  9000-18,000  kg/hr  [2j, 
which  in  turn  results  in  a  reduction  in  the  flight  range  of  the  air¬ 
craft.  In  order  to  Increase  the  flight  range,  the  aircraft  must  carry, 
on  board,  a  substantial  reserve  of  thermal  energy  and  this  can  be 
achieved  by  increasing  the  quantity  of  fuel  and  its  heat  of  combus¬ 
tion.  However,  the  future  supersonic  aircraft  with  alr-reactlon  en¬ 
gines  (VRD)  have  small  fuselages  and  thin  wings  —  and  this  restricts 
the  possibility  of  loading  large  volumes  of  fuel  aboard  such  aircraft. 


Therefore  the  promising  future  fuels  for  VRD  must  have  a  higher  spe¬ 
cific  weight  which  will  provide  for  greater  capacity,  by  weight,  of 
the  fuel  tanks. 


Another  characteristic  feature  of  the  VRD  aircraft  of  the  future 
is  the  substantial  flight  altitude,  reaching  as  high  as  15,000- 
25,000  m.  At  these  altitudes  the  combustion  chambers  of  engines  re¬ 
ceive  air  In  which  the  concentration  of  oxygen  Is  reduced  as  a  result 
of  the  over -all  reduction  of  the  mass  concentration  of  oxygen  in  the 
ambient  atmosphere  at  great  altitudes.  For  example,  the  mass  concen¬ 
tration  of  oxygen  at  an  altitude  of  15>000  m  is  46  g/m^,  at  an  alti¬ 
tude  of  25,000  m  the  concentration  is  6.5  g/ni^>  while  at  the  surface 
of  the  earth  the  mass  concentration  of  oxygen  In  the  air  reaches 
288  g/m^.  Therefore  under  high-altitude  conditions  there  is  a  substan' 
tial  reduction  in  the  completeness  of  fuel  combustion  as  a  result  of 
which  the  flight  range  of  aircraft  is  reduced. 


Pig,  232,  The  thermal  balance  of  a  TRD  (turbo¬ 
jet  engine).  1)  On  thrust;  2)  to  drive  the 
compressor;  3)  in  the  turbine;  4)  in  the  noz¬ 
zle;  5)  heat  of  exhaust;  6)  kinetic  exhaust 
energy;  7)  useful  energy;  8)  themal-energy 
losses;  9)  thermal  energj^,  lOOjS. 
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In  estimating  the  reserve  of  thermal  energy  aboard  a  jet  air¬ 
craft,  it  should  be  borne  in  mind  that  only  l6. 4^  of  the  thermal  en¬ 
ergy  in  a  turbojet  engine  (TRD)  is  used  to  provide  reaction  thrust 
(Fig.  232).  This  also  produces  an  Increase  in  the  fuel  reserves  aboard 
the  jet  aircraft,  an  increase  which  is  required  to  provide  for  the 
thrust  which  would  correspond  to  supersonic  flight. 

Recently,  abroad,  the  volumetric  heat  of  combustion,  i. e. ,  the 
heat  of  combustion  referred  not  to  a  unit  of  weight  but  to  a  unit  of 
fuel  vol\ime  has,  in  addition  to  the  mass  heat  of  combustion,  gained 
widespread  acceptance  in  the  evaluation  (estimation)  of  the  energy 
(power)  characteristics  of  fuels.  Anderton  [3]  proposed  the  utiliza¬ 
tion  of  an  energy  factor  (calculated  in  accordance  with  the  following 
formula)  for  a  comparative  evaluation  of  the  energy  characteristics 
of  jet  fuels; 

where  and  are  the  mass  and  volumetric  heats  of  fuel  ccanbustion 
0^  and  are  the  same  quantities  for  the  reference  fuel. 

To  calculate  the  energy  factor  for  some  fuel  with  respect  to  T-1 
fuel,  the  formula  can  be  presented  in  the  following  form; 

aallG'lO”* 

whex^e  p  is  the  density  of  the  fuel  at  20°. 

A  comparison  of  the  energj^  characteristics  of  fuels  for  air-i'eac 
tlon  engines  (VRD)  in  accoi^dance  with  the  above -indicated  enei’gy  fac¬ 
tor  will  be  valid  only  under  gi‘ound  conditions.  In  high-altitude 
flights  the  effect  of  completeness  of  combustion  on  the  energy  poten¬ 
tials  of  a  fuel  must  be  taken  into  consideration.  The  magnitude  of 
completeness  of  combustion  is,  to  a  large  extent,  a  function  of  the 
chemical  composition  of  the  fuel.  Tests  of  fuels  for  VRD,  carried  out 


by  Scott,  Stansfield,  and  Talt  [4],  have  shown  that  as  the  flight  al¬ 
titude  is  Increased  the  completeness  of  combustion  of  aromatic  fuels 
Is  reduced  somewhat  more  than  In  the  case  of  paraffinic -naphthenic 
fuels.  For  example,  at  an  altitude  of  about  11  km  the  completeness  of 
combustion  for  fuels  of  a  paraffinic -naphthenic  base  remains  virtually 
the  same  as  for  a  commercial  fuel,  whereas  the  completeness  of  com¬ 
bustion  for  aromatic  fuels  Is  reduced  by  2%  in  comparison  with  a  com¬ 
mercial  fuel.  Therefore  a  comparison  of  fuels  In  terms  of  energy  fac¬ 
tors  must  be  carried  out  so  as  to  take  Into  consideration  the  effect 
of  completeness  of  combustion.  For  example,  for  monocyclic  aromatic 
hydrocarbons  of  the  300-350^  fraction,  the  energy  factor  under  ground 
conditions  will  be  equal  to  106^,  whereas  at  an  altitude  of  11  km  it 
will  be  equal  only  to  104^, 

The  energy  factor  may  be  used  for  a  comparative  evaluatJ.on  of 
possible  changes  in  aircraft  flight  range  on  a  given  fuel,  as  opposed 
to  the  flight  range  possible  with  T-1  fuel.  A  comparison  of  the  re¬ 
sults  in  the  change  of  flight  range  according  to  the  magnitudes  of  the 
energy  factors  and  according  to  the  data  obtained  by  the  well-known 
Bi’eget  [5]  formula  for  the  calculation  of  flight  range  of  a  "conven¬ 
tional”  aircraft  for  which  the  weight  of  the  fuel  amounts  to  65j6  of 
the  total  payload,  shows  discrepancies  not  exceeding  1,0-1. 5^. 

FJTURE  PROSPECTS  FOR  THE  UTILISATION  OP  PETR0LEUI4  FUELS  FOR  AIR-REAC¬ 
TION  ENGINES  [VRD3 

An  evaluation  of  the  prospects  of  petroleum  fuels  for  air-reac¬ 
tion  engines  (VRD)  can  be  undertaken  on  the  basis  of  a  comparison  of 
the  energy  (power)  characteristics  of  these  fuels.  In  terms  of  mass 
heat  of  combustion,  the  petroleum  fuels  T-1,  TS-1,  T-2,  and  T-5  show 
little  difference  between  one  another.  The  maximum  heat  of  combustion 
is  exliibited  by  the  T-2  fuel  (10,350-10,450  kcal/kg),  and  the  minimum 
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heat  of  combustion  is  exhibited  by  the  T-5  fuel  (10,240-10,260 
The  T-5  fuel  has  a  density  of  0.843-0.848;  the  T-2  fuel  has  a  density 
of  0.  760-0.  770.  The  TS-1.  and  T-1  fuels  occupy  an  intermediate  position 
on  the  basis  of  these  indicators.  A  calculation  of  the  energy  factors 
for  commercial  fuels  yields  the  following  data;  T-2,  97JK;  TS-1,  985^; 
and  T-5,  103^.  This  means  that  the  fuels  T-2  and  TS-1  are  Inferior  to 
the  T-1  fuel  in  terms  of  energy  characteristics  by  a  factor  of  about 
2-3^,  whereas  the  T-5  fuel  is  better  than  the  T-1  fuel  by  35^.  This  In 
turn  has  its  effect  on  an  aircraft's  flight  range  when  these  fuels  are 
used. 

JUels  of  one  and  the  same  type,  but  derived  from  various  petro¬ 
leums,  in  terms  of  mass  heat  of  combustion  and  density  exhibit  no  sig¬ 
nificant  difference.  For  example,  the  mass  heat  of  combustion  of  the 
T-2  fuel  derived  from  Tatar  petroleums  is  equal  to  10,440  kcal/kg; 
when  this  fuel  is  derived  from  Sakhalin  petroleums,  the  mass  heat  of 
combustion  is  10,340  kcal/kg;  from  Bashkiriya  petroleums,  10,410 
and  from  Groznyy  petroleums,  10,470  kcal/kg.  Consequently,  in  deriving 
fuels  for  air-reaction  engines  (Vf®)  from  petroleum  crudes  by  means  of 
conventional  petroleum -refining  methods  we  cannot  count  on  ar;y  sub¬ 
stantial  improvement  in  the  energy  characteristics  of  the  fuels. 

The  energy  (power)  characteristics  of  fuels  for  air-reaction  en¬ 
gines  (VRD)  are,  in  great  measure,  dependent  on  the  chemical  and  frac¬ 
tional  composition  of  the  fuels.  The  mean  Indicators  of  chemical  and 
fractional  composition  of  type  T  fuels  indicate  that  the  fuels  T-1, 
TS-1,  and  T-2  exhibit  varying  chemical  and  fractional  compositions. 
However,  as  has  already  been  pointed  out  above,  these  differences  are 
of  no  groat  significance  with  respect  to  the  energy  (power)  chai’acter- 
Istics  of  the  fuels. 

The  energy  chai’acterlstics  of  the  hydrocarbons  in  the  composition 
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TABLE  178 

Energy  (Power)  Characteristics  of  Fuels  for  Air- 
Reaction  Engines  (VRD) 
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Note.  Hydrocarbons:  I  -  paraffinic -naphthenic; 

II  -  monocyclic  aromatic;  and  III  -  bicyclic  aro¬ 
matic. 

1)  Limits  of  boiling  for  fractions,  °C;  2j  hydro¬ 
carbons;  3)  heat  of  combustion,  kcal/kg;  4)  den¬ 
sity,  p|®;  5)  energy  (power)  factor, 

of  a  VRD  fuel  are  of  particularly  great  interest,  depending  on  their 
distillation  limits  and  chemical  structure.  Table  178  shows  the  en¬ 
ergy  (power)  factors  for  a  flight  altitude  equal  to  11  km  and  for  a 
group  of  liydrocarbons  In  the  composition^ of  the  I'uels  T-2,  TS-1,  and 
TS-1  (sic  -  in  accordance  with  Table  178  the  proper  oi^er  should  prob¬ 
ably  read  T-1,  T-2,  and  TS-1],  these  hydrocarbons  having  various  boil¬ 
ing  limits.  We  can  see  from  the  data  cited  that  for  all  fuels  the 
paraf f Inic -naphthenic  hydrocarbons  exhibit  higher  energy  factors  than 
the  mono-  and  bicyclic  aromatic  hydrocarbons.  However,  in  this  case  as 
well,  there  is  no  substantial  improvement  in  the  energy  characterist- 
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ics»  For  example,  only  the  paraffinic -naphthenic  hydrocarbons  of  the 
250-275°  fraction  of  the  T-1  fuel  have  an  energy  factor  equal  to  1035^. 
Other  hydrocarbons  of  the  T-1  fuel,  as  well  as  of  the  T-2  and  TS-1 
fuel,  have  energy  characteristics  below  tlrils  magnitude. 

A  general  rule  is  that  the  energy  factors  of  hydrocarbons  in¬ 
crease  as  the  boiling  point  of  these  hydrocarbons  rises.  For  example, 
the  energy  factors  of  the  hydrocarbons  of  the  300-350°  fraction  of 
heavy  Baku  kerosene  attain  the  following  magnitudes  (in  ^): 


Paraffinic-naphthenic  .......  ....  .  .  105 

Monocyclic  aromatic . 104 

Blpyollc  aromatic . 103 

Tricyclic  aromatic  .  104 


Consequently,  the  most  promising  fuels  with  increased  energy 
characteristics  are  the  paraffinic -naphthenic  hydrocarbons  boiling 
over  at  300-350°  and  higher.  The  truth  of  the  matter  is  that  the  aro¬ 
matic  hydrocarbons  of  this  fraction  also  exhibit  high  energy  factors; 
however,  the  utilization  of  these  fuels  in  air-reaction  engines  (VRD) 
is  associated  with  a  number  of  operational  difficulties  (great  tend¬ 
ency  to  scale  formation,  high  temperature  of  crystallization,  etc.). 
Given  a  positive  solution  to  these  difficulties,  perhaps  the  entire 
fraction  can  be  used  without  having  to  separate  it  Into  groups  of  hy¬ 
drocarbons,  Of  the  VRD  peti'oleum  fuels,  the  most  premising  are  those 
distilled  within  a  range  of  300-350°  and  higher.  Work  is  being  done  in 
this  direction  abroad;  the  intentions  ax’e  to  use  light  mazouts  as  VRD 
fuels  [6). 

The  energy  characteristics  of  hydrocarbon  fuels  for  VRD  can  be 
increased  by  means  of  radioactive  irradiation.  With  radioactive  irra¬ 
diation,  the  molecular  weight  of  a  fuel  is  Increased.  This  results  in 

a  chaiige  in  other  fuel  chai’acterlstlcs  as  well.  For  example,  when  the 
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American  Jet  fuel  JF-3  is  subjected  to  an  irradiation  dosage  of 

5. 10^  r  the  viscosity  of  this  fuel,  at  38®,  increases  from  2  to 

500  centlstokes,  the  50J^  boil-off  point  rises  from  21b  to  330°,  and 

density  increases  from  0.84  to  0. 94  [7], 

Radioactive  irradiation  of  Jet  fuels  also  has  an  effect  on  the 

thermal  stability  of  these  fuels.  The  thermal  stability  of  fuels  is 

8  0 

improved  by  irradiation  dosages  of  5* 10  -  5* 10^  r  and  is  impaired 

4  8 

with  a  reduction  in  the  irradiation  dosage  to  10  —  5*10  r. 

SYNTHETIC  HYDROCARBON  VRD  FUELS 

If  as  a  result  of  using  high-boiling  petroleum  fractions  the  en¬ 
ergy  characteristics  of  VRD  fuels  can  in  the  near  future  be  Increased 
by  4-5JS,  fuels  with  even  higher  energy  characteristics  can  be  obtained 


TABIE  179 

Energy  Characteristics  of  Individual  Hydrocarbons 
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15jl9^23-hexainethyltetraco3ane:  10)  naphthenic; 
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clohescyl;  13)  2,2-dlcyclohexylbutane;  14)  aro¬ 
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Subsequently,  the  work  proceeded  In  the  direction  of  the  practical 
derivation,  under  industrial  conditions,  of  high-energy  fuels  based  on 
bl-  and  polycyclic  naphthenic  hydrocarbons.  Conn  and  Dukcu  [sic]  [10] 
derived  high-energy  fuels  based  on  naphthenic  hydrocarbons  from  the 
kerosene -gas -oil  fractions  of  select  petroleums  and  from  bl-f  and  poly¬ 
cyclic  aromatic  hydrocarbons  of  catalytic -cracking  gas  oil  after  in¬ 
tense  hydrogenation.  Table  180  shows  the  characteristics  of  certain  of 
these  fuels.  We  can  see  from  the  presented  data  that  in  terms  of  the 
mass  heat  of  combustion  these  fuels  are  equivalent  to  contemporary  pe¬ 
troleum  VED  fuels;  however,  in  terras  of  density  they  exceed  substaji- 
tially  the  contemporary  fuels.  In  accordance  with  this,  the  energy 
factor  of  certain  of  these  fuels  attains  112.  5-115J^,  Consequently,  in 
using  these  fuels  in  Jet  aircraft  we  can  expect  an  increase  in  flight 
range  by  12 -15^, in  comparison  with  the  results  obtained  on  a  T-1  fuel. 

A  characteristic  feature  of  these  fuels  is  the  high  thermal  stability 
at  temperatures  below  260°.  One  of  the  negative  ch€iracteristlcs  of 
these  fuels  is  the  viscosity  which  in  certain  specimens  attains 
1800  centistokes  at  -18*^. 

At  the  present  time,  there  have  been  obtained  two  industrial 
batches  of  select  high-energy  fuels,  designated  as  JP-X  [10],  The  Ird- 
tlal  products  for  the  derivation  of  the  fuels  were  the  aromatic 
hydrocarbons  (primarily,  of  two-ring  structure) ,  separated  from  cata¬ 
lytic-cracking  gas  oil,  as  well  as  the  hydrocarbons  obtained  frcan  the 
products  of  coal  processing.  These  hydrocarbons  were  subjected  to  ex¬ 
haustive  hydrogenation  to  naphthenic  hydrocarbons  and  are,  in  this 
form,  presently  undergoing  tests  in  Jet  aircraft  [11].  The  derivation 
of  similar  high-energy  synthetic  ^els  is  the  most  promising  trend  in 
the  development  of  mass  fuels  for  alr-reaciion  engines  (VRD)  [10]. 
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BORON-HYDROGEN  (BORANE)  FUELS 

The  energy  chai-acteristics  of  the  hydrocarbon  VRD  fuels  are  lim¬ 
ited  by  the  fact  that  in  addition  to  hydrogen  exhibiting  the  highest 


TABLE  I8l 

Relative  Plight  Ran?;e  with  Boron-Hydrogen  (Bo- 
rane)  Fuels 
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Pig.  233*  Heat  of  combustion 
of  boron-hydrogen  (borane) 
fuels.  1)  Diborane;  2}  penta- 
borane;  3)  tetraborane;  4)  de¬ 
caborane;  5)  methyldiborane; 

6)  ethyldiborane:  7)  tetra- 
ethyldlborane;  8)  triethylbo- 
rane;  9)  heat  of  combustion. 
Real/ kg;  10)  alkyl  Doranes; 

11)  boranes. 


heat  of  combustion  of  28,700 
these  fuels  also  Include  carbon 
whose  heat  of  combustion  is  not 
great  —  7800  kcal/lcg.  ^  replacing 
the  carbon  with  elements  exhibiting 
higher  heating  values  such  as,  for 
example,  beryllium  (14,970  kcal/kg) 
and  boron  (14,170  kcal/kg),  great 
potentials  are  Offered  for  the  pro¬ 
duction  of  promising  future  high- 
energy  VRD  fuels. 

The  most  accessible  are  the 


boron -hydrogen  (borane)  fuels  [12],  [13]#  [14].  The  production  of  fu¬ 
els  based  on  beryllliun  is  more  complex  and  these  exhibit  a  signifi¬ 
cant  toxic  effect. 


The  basic  advantages  of  the  boron -hydix^en  (borane)  fuels  are 
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that  they  make  It  possible: 

to  increase  the  engine  power  and  flight  range  of  the  aircraft; 

to  reduce  both  the  volume  and  weight  of  the  fuel  required  for  the 
aircraft,  without  reducing  range  and  flight  durations; 

to  reduce  the  dimensions  and  weight  of  the  engine  without  -dimin¬ 
ishing  the  power  of  the  engine. 

For  example.  In  designing  an  aircraft  with  a  given  flight  range 
and  intended  for  operation  on  a  boron -hydrogen  (borane)  fuel,  it  is 
possible : 

to  provide  for  a  lower  specific  load  on  the  wings; 

to  reduce  the  dimensions  of  the  aircraft  and  increase  its  speed 
correspondingly; 

to  Increase  the  payload  of  the  aircraft; 

to  increase  the  operational  celling  and  reduce  the  takeoff  run  of 
the  aircraft  [15]* 

American  boron-hydrogen  (borane)  fuels  are  alkylated  derivatives 
of  boranes. 

j  The  HEP -2  fuel  is  an  alkylated  pentaborane,  and  the  HEP -3  fuel  is 
^  alkylated  deoaborane  [16,  17,  lb].  Ethyl  is  used  as  the  alkyl  radi¬ 
cal  in  these  fuels  [19]«  In  addition  to  the  ethylated  boranes,  a  HEP -3 
fuel  has  been  developed,  and  liitstead  of  ethyl  in  this  fuel  butyl  is 
taken  aa  the  alkyl  radical.  HlCal  fuels  are  alkyl  derivatives  of  di- 
borane  [18].  A  comparison  of  these  fuels  with  the  hydrocarbon  fuel  of 
the  wlde-fractlon  JP-4  type  in  terms  of  the  magnitude  of  relative 
flight  range  of  a  future  aircraft  at  an  altitude  of  21  km  at  a  veloc¬ 
ity  of  3  N  (Table  l8l)  that  H£F-brand  fuels  make  it  possible  to 

Increase  flight  range  by  4056,  and  that  deoaborane  and  pentaborane  make 
it  possible  to  Increase  flight  range  by  50^  [20]. 

The  alkyl  boranes,  although  they  exhibit  a  lower  heat  of  combus- 
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tion  (pig.  233) ,  are  nevertheless  more  stable  and  less  toxic  than  the 
nonalkylated  boranes. 

Much  research  is  being  done  on  diborane,  pentaborane,  decaborane 
and  their  derivatives.  All  of  the  boranes  exhibit  an  unpleasant  odor 
and  are  toxic.  The  permissible  concentration  limit  is  0.  OOOIJ^  during 
8  hours  of  work.  The  vapors  of  these  boranes  produce  headaches  and 
nausea  if  inhaled  in  small  quantities.  Under  general  conditions,  the 
boranes  are  not  very  stable;  however,  if  special  conditions  are  main¬ 
tained  and  air  and  moisture  are  kept  out,  they  can  be  stored  for  long 

A  study  of  the  thermal  stability  of 
liquid  boranes  at  various  temperatures  (Pig. 
23^)  demonstrated  that  they  decompose  rap¬ 
idly  with  the  formation  of  gaseous  products 
and  solid  Insoluble  precipitates.  The  gas¬ 
eous  products  of  the  decomposition  enhance 
the  formation  of  vapor  locks  in  the  fuel 
system,  and  the  deposits  choke  the  fuel  fil. 
ters.  This  is  the  situation,  for  example, 
observed  in  tests  on  dlborane  in  a  standard 


periods  of  time. 


Pig.  234.  Thermal 
stability  of  3%  so¬ 
lutions  of  borohy- 
drides.  1)  Decabo¬ 
rane;  2)  pentaborane; 
3)  dlborane.  A)  Time, 
min;  B)  temperature, 
OC. 


Pig.  235.  Deposition  of  boron  ox- 
ieie  in  flame  tube  of  lliD  combus¬ 
tion  chamber. 


TRD  chamber.  The  dlborane  decomposed  in  the  tubing  and  injectors 


(spray  nozzles)  of  the  fuel  system, 
resulting  in  the  partial  closing  of 
the  nozzles.  Dep^its  of  boron  ox¬ 
ide  quickly  formed  In  the  flame 
tube  (Plg.  235).  In  tests  of  borane 
fuels  under  test -stand  conditions 
In  a  full-scale  turbojet  engine, 
deposition  of  boron  oxide  was  ob¬ 
served  on  the  walls  'of  the  flame 
tubes,  the  flame  connectors,  the 
stator  (Pig.  236)  and  the  rotor  of 


Pig.  236.  Deposition  of  boron 
oxide  on  reverse  side  of  TRD 
turbine  stator. 


the  turbine,  and  on  all  component  parts  of  the  afterburner  and  exhaust 
nozzle  (Pig.  237)  [20,  21].  Particularly  serious  difficulties  are 
caused  by  deposition  in  gas  turbines  which,  at  the  present  time,  are 
intended  for  operations  close  to  aerodynamic  and  mechanical  limits.  In 

this  respect,  the  utilization  of  borane  fu¬ 
els  in  afterburners  involves  fewer  diffi¬ 
culties.  However,  in  this  case,  greater  at¬ 
tention  must  be  devoted  to  the  thermal  sta¬ 
bility  of  the  fuel,  since  the  fuel  lines  of 
the  afterburners  are  situated  in  a  hotter 
portion  of  the  engine. 

With  the  utilization  of  borane  fuels 


Pis*  237.  Deposition 
of  boron  oxide  on 
exhaust  nozzle  of  TAD. 


in  afterburners  of  TRD,  the  fact  should  al¬ 
so  be  borne  in  mind  that  the  temperatui'e  of 
the  exhaust  gases  must  not  exceed  1650^. 


Otherwise,  a  portion  of  the  heat  will  be  expended  on  the  vapor¬ 
ization  of  the  boron  oxide  and  this  reduces  the  kinetic  energy  of  the 
exhaust  stream  which  is  compensated  only  by  increasing  the  fuel  flov. 
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rate. 


There  are  great  potentials  for  the  utilization  of  borane  fuels  in 
ramjet  engines.  Tests  of  a  ramjet  engine  operating  on  pentaborane, 
under  flight  conditions,  have  shown  that  engine  thrust  increased  ap¬ 
proximately  by  6oj^  in  comparison  with  operations  on  a  hydrocarbon  fu¬ 
el  [20]. 

Extensive  tests  of  borane  fuels  have  also  been  carried  out  in 
ramjet  engines  intended  for  guided  missiles.  These  tests  showed  that 
the  flight-technical  data  of  these  missiles  were  substantially  im¬ 
proved. 

In  addition  to  the  high  heat  of  combustion  the  borane  fuels  ex¬ 
hibit  better  characteristics  of  combustion.  For  example,  the  speed  of 
flame  propagation  (diborane  —  100  m/sec)  is  greater  by  a  factor  of 
several  tens  than  in  the  case  of  hydrocarbon  fuels  (0.9.  m/sec).  In 
accordance  with  this,  complete  combustion  of  borane  fuels  in  contemp¬ 
orary  combustion  chambers  is  achieved  over  a  shorter  course  than  in 
the  case  of  iiydrocarbon  fuels.  This  indicates  that  in  VRD  shorter  com¬ 
bustion  chambers  can  be  employed,  and  this  makes  it  possible  to  design 
a  shorter  and  lighter  engine.  These  concepts  are  particularly  impor¬ 
tant  in  the  design  of  ramjet  engines  where  the  length  of  the  combus¬ 
tion  chamber  makes  up  the  basic  part  of  the  over-all  length  of  the  en¬ 
gine. 

A  higher  speed  of  flame  propagation  in  the  combustion  of  borane 
fuels  also  governs  the  Improvement  in  the  process  of  flame  stabiliza¬ 
tion  as  a  result  of  which  the  combustion  may  take  place  at  an  In¬ 
creased  air  speed  and  a  shorter  diffuser  than  was  required  earlier  can 
be  used. 

METALLOIIYDROCARBON  RIELS 

In  addition  to  increasing  the  flight  range  of  Jet  aircraft,  ano- 
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Pig.  238.  Temperatures  of 
combustion  for  metallic  fu¬ 
els  and  their  suspensions  In 
a  hydrocarbon  fuel.  1)  Mg; 

2)  Al;  3)  Bj  k)  pentaborane; 
5}  dlboranej  6)  505^  Mg  + 

+  505?  JP-4j  7)  Hgj  8)  JP-4; 

9)  C.  A)  Temperature  of  com¬ 
bustion,  ocj  B)  fuel-to-alr 
ratio. 


ther  Important  goal  Is  a  pronounced 
Increase  In  the  thrust  of  VRD.  The 
goal  In  this  case  may  be  achieved  by 
means  of  fuels  which  are  suspensions 
of  metals  In  hydrocarbon  media.  For 
a  pronounced  Increase  In  the  thrust 
of  alr-reactlon  engines  (VRD)  a  sub¬ 
stantial  Increase  In  the  temperature 
within  the  zone  of  combustion  Is  re¬ 
quired.  This  can  be  achieved  In  the 
combustion  of  such  metals  as  magnes- 
l\im,  aluminum,  boron,  or  their  sus¬ 
pensions  in  the  Jet  fuel.  Figure  238 
shows  the  possible  temperatures  of 
combustion  for  fuels  of  this  type 


B  xpaumtf,  eymm 


Pig*  239*  Effect  of  additive  on 
stability  of  magnesium  sus¬ 
pensions.  1)  Diesel  fuel:  2)  de¬ 
cane  with  1^  lecithin:  3)  JP-4 
with  petrolatum;  4)  deeane 
with  0.25^  lecithin;  5)  JP-4  with 
525^  petrolatum.  A)  Coefficient  of 
deposition,  H/tL;  B)  storage 
time,  days. 


[20).  The  highest  temperatures  are  obtained  in  the  combustion  of  the 
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oxides  of  magnesium,  aluminum,  and  boron.  A  substantial  Increase  In 
the  temperature  of  combustion  Is  also  achieved  by  using  5051^  suspen¬ 
sions  of  the  oxides  of  magnesium  and  boron  In  JP-4  fuel. 

One  difficulty  In  the  utilization  of  aluminum  to  obtain  suspen¬ 
sions  Is  the  fact  that  as  it  la  burned  In  the  chamber,  a  sticky  low- 
meltlng  oxide  of  aluminum  Is  formed  and  this  Is  ‘deposited  on  the  walls 
of  the  combustion  chamber  and  removed  only  with  great  difficulty. 

Metal  suspensions  In  hydrocarbon  fuels  must  exhibit  a  relatively 
high  concentration  of  metal  while  at  the  same  time  exhibiting  a  vis¬ 
cosity  making  possible  the  easy  pumping  of  this  suspension  through  the 
tubing  and  providing  for  ease  of  atomization  through  the  injectors 
(spray  nozzles).  The  quantity  of  metal  which  can  be  contained  In  the 
suspension  is  a  function  of  the  metal-particle  dimensions,  the  shape 
of  these  particles,  and  the  composition  of  the  hydrocarbon  medium,  as 
well,  as  of  the  type  and  concentration  of  the  stabilizing  and  thicken¬ 
ing  additives. 

The  stability  of  metallohydrocarbon  fuels  is  a  function  of  the 
metal -particle  dimensions  and  increases  with  a  reduction  in  the  size 
of  these  particles.  Stable  suspensions  of  magnesium  and  boron  in  a  Jet 
fuel  can  be  obtained  with  a  50-60?^  metal  content,  where  the  particles 
exhibit  a  dimension  of  about  1  u.  For  better  metal  dispersion  in  sus¬ 
pension  surface -active  additives,  in  a  1^2f>  quantity,  are  added.  Leci¬ 
thin  which  is  a  mixed  glyceride  of  fatty  acids  (palmitic,  stearic,  and 
oleic  acids)  and  phosphoric  acid  exhibits  great  effectiveness.  In  this 
case,  of  the  three  hydroxyls  of  the  phosphoric  acid,  one  forms  gly¬ 
cerine  ether,  and  the  second  forms  an  ester  with  the  hydroxide  of  tri- 
methyl  -0-oxyethylamine  or  monoethanolamlne.  The  addition  of  this  addi¬ 
tive  in  a  0.2^  quantity,  as  can  be  seen  from  Pig.  239,  provides  for 
the  adequate  stability  of  the  magnesium  suspension. 
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Pig.  240.  Burning 
rate  of  ^0%  suspen¬ 
sions  of  magnesium 
and  boron  In  JP-4 
fuel.  1)  JP-4j  2) 
suspension  of  boron 
with  particles  1  |jl 
In  slzej  3)  the 
same,  for  magnesium; 
4)  magnesium  suspen¬ 
sion  with  particles 
15  M.  In  size.  A) 
burning  rate,  m/secj 
B)  fuel-to-alr  ra¬ 
tio. 

30-60  days  and  more. 


In  addition  to  the  metal -particle  sizes, 
stability  of  suspension  Is  greatly  affected 
by  the  viscosity  of  the  suspensions.  The 
lower  the  viscosity  of  the  hydrocarbon  medi¬ 
um,  the  more  rapidly  and  In  greater  quantity 
the  precipitation  of  metal  particles.  It  Is 
for  this  reason  that  In  metallohydrocarbon 
fuels  thickening  additives  such  as,  for  exam¬ 
ple,  petrolatum  or  the  aluminum  salt  of  hexa- 
carboxyllc  acid  are  added.  Figure  239  shows 
the  effect  that  petrolatum  has  on  the  sta¬ 
bility  of  a  magnesium  suspension  In  the  JP-4 
Jet  fuel.  'Bj  means  of  adding  dispersion  and 
thickening  additives.  It  becomes  possible  to 
obtain  suspensions  of  magnesium  and  boron  in 
a  hydrocarbon  fuel,  and  these  are  stable  for 


The  rate  and  completeness  of  combustion  of  metallohydrocarbon 
fuels  Is  of  great  Importance  for  an  evaluation  of  these  fuels.  An  es¬ 
timate  of  the  burning  rate  of  suspensions  of  boron  and  magnesium 
showed  (pig.  24o)  that  the  burning  rate  of  the  magnesium  suspension  is 
substantially  greater  than  that  of  the  boron  suspension.  For  a  magnes¬ 
ium  suspension,  even  with  particles  approximately  20  M.  In  size,  there 
is  more  than  enough  time  for  complete  combustion  In  ramjet  engines  and 
In  the  afterburners  of  TRD.  A  study  of  the  completeness  of  combustion 
of  boron  suspensions  In  ramjet  engines  (PVRD)  has  shown  that  the  00m- 
pletonoss  of  combustion  is,  on  the  average,  below  85^,  and  this  sus¬ 
pension  bui'ns  particularly  poorly  In  lean  mixtures.  On  the  other  hand, 

-hw  magnesium  suspension  burned  well  both  In  the  PVRD  and  In  the  af- 
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terburners  of  TRD  (turbojet  engines). 

The  utilization  of  magnesium-hydrocarbon  suspensions  makes  it 
possible  to  increase  markedly  the  thrust  of  air-reaction  engines.  In 
this  case,  the  thrust  augiftehtation  of  the  engine  takes  place  both  as  a 
result  of  the  combustion  of  the  magnesium-hydrocarbon  suspension  as 
well  as  because  of  the  Injection  of  water.  The  combustion  of  the  mag- 
nesliun -hydrocarbon  suspensions  increases  the  thrust  of  the  engine  by 

and  the  additional  injection  of  water  increases  thrust  to  200^. 
The  high  effectiveness  of  the  magnesium -hydrocarbon  suspensions  was 
confirmed  both  under  test-stand  conditions  as  well  as  under  flight 
conditions  at  an  altitude  of  11.8  km  at  a  velocity  of  3.84  M.  Magnes¬ 
ium-hydrocarbon  suspensions  burn  well  even  under  conditions  in  which 
conventional  hydrocarbon  fuels  of  the  wide -fraction  type  burn  poorly. 
Consequently,  magnesiimi -hydrocarbon  fuels  offer  great  prospects  for 
increasing  the  thrust  of  air-reaction  engines  (VRD)  intended  for 
short-range  flying  craft. 

ORGANOMETALLIC  FUELS 

Organoraetallic  i^iels  are  also  included  among  the  promising  fuels 
for  VRD  of  the  future.  Of  this  group  of  fuels,  greatest  attention  is 
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1)  Fuel;  2)  heat  of  combustion; 

3)  kcal/l<g;  4)  kcal/l;  5)  JP-4  fu¬ 
el;  6)  triethylaluminum;  7)  tri- 
cthylboron. 

being  devctod  to  ti‘lethylalumlnum,  trlmethylal\>mlnum,  and  triethylbo- 
ron.  At  UiC  present  time,  in  the  USA  and  Great  Britain,  these  fuels  — 
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Pig.  24l.  Lower  limit  of  stable 
fuel  combustion  for  PVRD  (ramjet 
engines)  as  a  function  of  flight 
velocity  and  pressure  In  the  com¬ 
bustion  chamber.  Fuels:  1)  Petro¬ 
leum;  2)  organometalllc;  3)  bo- 
rane;  4)  metallohydrocarbon  sus¬ 
pension.  a)  Pressure,  mm  Hg;  D) 
flight  speed,  m;  C)  temperature, 
oc. 

based  on  aluminum  —  are  being  produced  in  quantities  making  it  possi¬ 
ble  to  use  these  as  starter  fuels  for  air-reaction  engines  (VRD).  For 
example,  in  Great  Britain  triethylalumlnum  meeting  specification 
DERD-2489  Is  being  used  [26]. 

In  addition  to  its  utilization  for  st€u?ter  purposes,  organometal¬ 
llc  fuels  can  be  employed  as  basic  fuels  for  ramjet  engines.  We  will 
point  out  that  in  terms  of  energy  characteristics  these  fuels,  as  can 
be  seen  from  the  figures  presented  below,  differ  little  from  the  con¬ 
ventional  petroleum  JP-4  fuel. 

However,  these  fuels  exceed  hydrocarbon  fuels  in  terms  of  com¬ 
bustion  characteristics  at  low  pressures  within  the  combustion  cham¬ 
ber.  Low  pressure  in  the  combustion  chamber  is  particularly  charac¬ 
teristic  of  ramjet  engines  under  flight  conditions  at  great  altitudes. 
Under  these  conditions,  the  oombustlon  of  hydrocarbon  fuels  is  not 
stable  and  is  frequently  accompsmled  by  flame  extinction.  For  example, 
the  combustion  of  hydrocarbon  fuels  at  a  flight  velocity  of -2  M,  as 
can  be  seen  from  Fig.  241,  ceases  at  a  combustion -chamber  pressure 
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of  1375  nun  Hg,  whereas  the  organometalllc  fuels  burn  stably  up  to 
pressures  of  1000  nun  Hg  [27],  This  results  in  a  substantial  Increase 
in  the  high -altitude  capabilities  of  ramjet  engines.  For  example,  if 
with  a  hydrocarbon  fuel  stable  combustion  in  the  chamber  of  a  ramjet 
engine  at  a  flight  velocity  of  2  M  is  maintained  to  an  altitude  of 
21  km,  the  utilization  of  organometalllc  fuels  increases  the  high-al- 
titude  performance  of  the  engine  under  these  conditions  to  28  km.  We 
can  see  from  Pig.  242  that  the  utilization  of  organometalllc  fuels 
greatly  Increases  the  potentials  of  using  ramjet  engines  (PVRD)  in 
flights  at  velocities  up  to  2-3  M  and  at  altitudes  in  excess  of  10  km. 
The  organometalllc  fuels  are  most  efficient  at  flight  altitudes  be¬ 
tween  15-25  km. 

In  addition  to  the  organometal- 
lic  fuels,  as  can  be  seen  from  Pig. 
241,  borane  fuels  based  on  metallo- 
hydrocarbon  suspensions  also  enhance 
an  Improvement  in  combustion  in  ram¬ 
jet  engines.  IIov;cvcr,  in  terms  of  op¬ 
erational  properties,  accessibility 
for  production,  and  in  terras  of  cost, 
these  fuels  are  significantly  infer¬ 
ior  to  organometalllc  fuels.  It 
should  also  be  pointed  out  that  in 
terms  of  completeness  of  combustion 
under  high-altitude  conditions  or- 
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Pig.  242.  Expansion  of  PVRD 
utilization  limits  through 
the  utilization  of  organo- 
metallic  fuels.  l)  organo- 
metallic  fuel;  II)  hydro¬ 
carbon  fuel.  A)  Plight  al¬ 
titude,  Ion;  B)  flight  speed, 
m. 


ganometallic  fuels  are  substantially  superior  to  petroleum  fuels. 
Therefore,  these  fuels  are  regaiuied  as  the  most  promising  fuels  of  the 
future,  which  can  be  used  in  ramjet  engines  (PVRD)  in  the  near  future. 
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Chapter  24 

FUELS  FOR  LIQUID  ROCKET  ENGINES 

GENERAL  INFORMATION 

The  radical  difference  between  the  rocket  engine  and  all  other 
thermal  engines,  Including  the  air-breathing  Jets,  consists  In  the 
fact  that  It  operates  independently  of  the  surrounding  medium.  This 
is  a  highly  significant  and  fundamentally  new  property  in  an  engine. 

To  burn  its  combustible,  it  uses  not  the  oxygen  of  the  air,  but  a 
special  oxidizer  stored  aboard  the  aircraft,  or  uses  as  a  fuel  sub¬ 
stances  capable  of  liberating  thermal  energy  and  gaseous  products  as 
a  result  of  decomposition  or  other  chemical  reactions  without  the 
participation  of  an  oxidizer.  As  a  result,  the  rocket  engine  can 
operate  with  the  same  success  both  at  the  surface  of  the  Earth  and 
at  high  altitudes  in  a  greatly  rarefied  atmosphere,  as  well  as  in  air¬ 
less  space  and  even  under  water. 

The  term  "fuel"  in  rocket  engineering  implies  a  combination  of  ' 
a  combustible  and  the  oxidizer  that  reacts  with  it. 

The  concept  embraces  substances  that  are  capable  of  exothermic 
dissociation  or  association  in  the  engine  with  formation  of  gaseous 
transformation  products  without  participation  of  an  oxidizer. 

The  first  rocket  engines  worked  on  solid  fuel  -  pressed  gun¬ 
powder.  Powder-type  rocket  engines  have  been  known  elnoe  remote  an¬ 
tiquity.  They  operate  on  a  simple  principle  and  do  so  with  utter  de¬ 
pendability.  However,  this  powder  has  a  low  heat  of  combustion  (700- 
1000  kcal/kg) .  Moreover,  due  to  the  high  rate  at  which  the  powder 


burns  and  the  small  quantity  that  can  be  carried,  the  latter  limited 
by  the  dimensions  of  the  combustion  chamber,  the  operating  time  of 
a  powder- type  rocket  engine  is  very  short  (0.1  +  25  sec);  the  thrust 
developed  by  the  engine  is  difficult  to  regulate.  Solid- fuel  rocket 
engines  are  normally  used  in  oases  where  a  one* shot  engine  of  rela¬ 
tively  low  power  and  short  operating  time  is  required  (booster  en¬ 
gines,  engines  for  short-range  rocket  missiles,  and  so  forth). 

The  appearance  of  liquid-fueled 
rocket  engines,  the  foundations  for 
whose  development  were  laid  by  K.E. 
Tsiolkovskly  [1],  opened  new  pros¬ 
pects  for  the  development  of  rocket 
engineering.  The  heat  of  combustion 
of  liquid  fuels  is  considerably  higher 
tian  that  of  the  powders  (Table  l82) . 
Tnis  insures  high  outflow  velocities 
of  the  combustion  products,  and, 
consequently,  makes  it  possible  to  de¬ 
velop  large  thrusts,  high  speeds  and 
altitudes,  and  long  ranges  for  the 
rockets.  A  liquid- fueled  rocket  en¬ 
gine  can  perform  for  a  longer  time 
than  a  solid- fuel  type.  Moreover,  the 
use  of  a  liquid  propellant  makes  it  possible  to  control  the  engine 
relatively  easily  by  regulating  the  flow  of  propellants  into  the 
combustion  chamber,  vai*y  the  thrust,  and,  consequently,  control  the 
rocket's  flight  speed. 

K.E.  Tsiollcovskiy  made  a  detailed  investigation  of  the  heat 
effects  of  the  combustion  reactions  of  various  eleraents  and  formu- 


Konstantln  Eduardovich 
Tsloikovekly  (1857-1935) 
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TABLE  182 


Heats  of  Combustion  of  Certain  Liquid  and  Solid 
Fuels  (After  K.E.  Tslolkovskly) 
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1)  Liquid  propellants;  2)  quantity  of  heat  (in  cal) 
liberated  on  combustion  of  1  g  of  stoichiometric 
mixture  with  liquid  oxygen;  3)  solid  propellants; 

4)  quantity  of  heat  (in  cal)  liberated  on  combus¬ 
tion  of  1  g  of  the  substance;  5)  methane  (lique¬ 
fied);  6)  ethylene  (liquefied);  7)  benzene;  8) 
methyl  alcohol;  9)  ethyl  alcohol;  10)  etner;  11) 
turpentine;  12)  black  and  smokeless  powder;  I3) 
nitroglycerine  powder;  l4)  nitroglycerine:  15) 
picric  acid;  I6)  fulminate  of  mercury;  17)  dini¬ 
trobenzene  with  nitric  acid;  18)  aluminum  with 
ammonium  nitrate;  19)  below  1195* 


lated  the  basic  requirements  for  ZhRD  fuels  [2].  On  the  basis  of  his 
research,  he  first  proposed  the  use  of  hydrocarbons,  liquid  hydro¬ 
gen,  liquid  oxygen  and,  in  later  studies,  oxides  of  nitrogen  and 
turpentine  as  fuel  components  for  ZhRD  [3]*  Tslolkovskly  was  the 
first  to  indicate  the  possibility  of  using  atomic  energy  in  ZhRD,  es¬ 
timated  what  the  results  of  its  mastery  would  be,  and  computed  the 
possible  exhaust  velocities  and  flight  speeds  of  atomic- fueled 
rockets  [1]. 

Prom  the  day  of  publication  of  Tslolkovskly 's  first  papers,  in¬ 


tensive  research  began  developing  both  in  Russia  and  abroad  with  the 
objective  of  finding  a  practical  solution  to  the  problem  of  creating 
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a  liquid- fueled  rocket  engine.  Toward  the  end  of  the  nineteen- twenties 
and  the  beginning  of  the  ‘thirties,  the  first  liquid  rocket- engine 
designs  made  their  appearance  and  the  first  flights  were  made  with 
ZhRD-powered  flying  devices. 

Our  compatriots  V.F«  Vetohlnkln,  Yu.V.  Kondratyuk,  Q.E.  Langtmak, 
Yu. A.  Pobedonostsev,  M.K.  Tikhonravov,  N.G.  Chernyshev,  P.A.  Tsander 
and  others  [4-11]  performed  monumental  theoretical  and  experimental 
work  toward  the  creation  and  Investigation  of  ZhRD  rockets  and  fuels 
for  them. 

In  I93O-I932,  P.A.  Tsander  built  and  successfully  tested  two 
ZhRD  that  operated  on  gasoline/gaseous  air  and  gasoline/liquid  oxy¬ 
gen,  respectively.  P.A.  Tsander  and  Yu.V.  Kondratyuk  devoted  a  great 
deal  of  attention  in  their  studies  to  the  problems  of  using  metals, 
which  liberate  considerably  larger  quantities  of  heat  on  combustion 
than  ordinary  combustibles,  as  fuels;  among  other  thir^gs,  they  pro¬ 
posed  that  metallic  parts  of  the  rocket  that  became  unnecessary  after 
the  fuel  was  burned  up  be  burned  in  the  engine  as  a  secondary  fuel 

[7,8]. 

In  1928,  Yu.V.  Kondratyuk  was  the  first  to  raise  the  question  of 
using  lithium,  boron  and  their  hydrogen  compounds  and  other  metals 
as  combustibles,  and  that  of  ozone  as  an  oxidizer  [8]. 

In  subsequent  years,  Soviet  scientists  made  a  large  contribution 
to  the  development  of  ZhRD.  Here,  they  devoted  particular  attention 
to  the  selection  of  energy  sources  suitable  for  use  in  ZhRD. 

The  theoretical  foundations  were  worked  out  for  efficient  selec¬ 
tion  of  ZhRD  fuels,  a  quality  evaluation  was  given  for  the  most 
probable  propellants  as  regards  their  efficiency  and  the  reliability 
of  the  engine's  operation.  In  1930,  it  was  first  proposed  that  the 
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oxidizer  for  the  ZhRD  might  be  nitric  acid,  nitrogen  tetroxide,  or 
hydrogen  peroxide,  which  subsequently  became  the  most  widely  used  In 
rocket  engineering,  or  tetranitromethane  or  perchloric  acid.  On  the 
basis  of  theoretical  and  experimental  study,  they  arrived  at  the 
conclusion  that  of  the  substances  Investigated,  the  most  valuable  as 
ZhRD  combustibles  would  be  the  heavier  but  not  excessively  viscous 
petroleum  and  llgnlte-tar  distillates,  methyl  and  ethyl  alcohols, 
nitrobenzene,  nltrotoluene  and  certain  hydrocarbons. 

It  was  also  proposed  that  a  boron- containing  colloidal  combusti¬ 
ble  with  a  high  heat  of  combustion  be  burned  In  the  engines,  and  the 
inherent  possibility  of  using  electrical  energy  in  ZhRD  was  also 
demonstrated. 

N.G.  Chernyshev  [6]  devoted  much  study  to  the  properties  of 
rocket  fuels  and  to  development  of  methods  for  producing  them  under 
industrial  conditions,  as  well  as  the  combustion  processes  of  various 
fuels  in  ZhRD  chambers. 

Among  Western  Investigators,  Eno-Pel'tri  (Prance),  Goddard  (USA) 
Oberth  and  Braun  (Germany),  Zenger  (Austria)  [12],  and  others  made 
essential  contributions  to  the  development  of  rocket  engineering. 

During  the  Second  World  War,  the  Germans  built  the  powerful 
(for  that  time)  A-4  (V-2)  guided  rocket,  which  had  a  ZhRD  operating 
on  liquid  oxygen  and  ethyl  alcohol,  a  guided  antiaircraft  rocket  and 
a  fighter- intercept or  with  ZhRD.  At  the  present  time,  various  more 
highly  perfected  ZhRD  types  have  been  designed  and  built}  these 
operate  on  various  fuels  and  develop  thrusts  ranging  from  several 
tens  of  kilograms  to  hundreds  of  tons. 

BRIEF  REMARKS  ON  LIQUID-FUEL  ROCKET  ENGINES 

The  liquid- fueled  rocket  engine  may  have  one  chamber  (single¬ 
chamber  ZhRD)  or  several  chambers  (multichamber  ZhRD).  A  schematic 


diagram  of  the  ZhRD  may  be  found  in  Pigs.  50  and  51  In  Chapter  6. 


TABLE  183 

Illustrative  Values  of  Maximum  At¬ 
tainable  Plight  Speeds  of  Aircraft 
Equipped  with  Various  Types  of  En¬ 
gines  [l4] 
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1  OOTOHBUe  »  » 
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1]  Engine  type;  2)  top  speed,  km/hour; 

3)  piston;  h)  turboprop;  5)  turbojet; 

6)  ramjet;  7)  solid- fuel  rocket  engines; 
8)  liquid- fuel  rocket  engines;  9)  ther¬ 
mal  nuclear  rocket  engines;  10)  elec¬ 
tron  rocket  engines;  11)  photon  rocket 
engines . 


TABLE  184 

Specific  Fuel  Consumption  in  Various  Engines  [16] 
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835 

1.72 

835 

1.46 

lOWPfl . 

1085 

18,75 
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1)  Engine;  2)  at  sea  level;  3)  speed,  km/hour;  4) 
specific  fuel  consumption,  kg/kg-hour;  5)  at  61OO 
meters;  6)  speed,  km/hour;  7)  specific  fuel  con¬ 
sumption,  kg/kg-hour;  8)  reciprocating  aviation 
engine;  9)  TRD;  10)  ZhRD. 

Liquid-fuel  rocket  engines  have  been  accorded  extensive  use  by 
virtue  of  the  following  special  properties  and  advantages  that  they 
possess  over  other  types  of  engines. 

1.  The  high  powers  developed  by  ZhRD,  which  run  to  tens  of 
millions  of  horsepower  with  a  small  over-all  weight  of  the  engine  [13l« 
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Such  high- powers  ■‘are  ■not  within  the  capahillty  of  any  other  engine 

type.i-^'’  t.  loK  -  -l,  ■  ■;  .  ■■■.■.■ 

•■'”■’ In -a  VRD)  'the  'Oxygen-  of  the^  ali*  used- to 'burn  the 'combustible'  is 
diluted  to  a  considerable  degree  by  nitrogen  -  a  ballast  element  that 
does  not . participate  In  combustion.  The  oxygen  content  in  liquid  oxi¬ 
dizers  is  considerably  higher  than  that  in  air,  reaching  75-100^  of 
the  weight  of  the  oxidizer.  As  a  result,  the  concentrcr'vion  of  chemi¬ 
cal  energy  per  unit  weight  of  ZhRD  fuel  (combustible  +  oxidizer)  is 
many  times  larger  than  in  the  case  of  Jet  fuels.  When  a  ZhRD  fuel  is 
burned,  a  very  large  quantity  of  heat  Is  liberated  and  high  tempera¬ 
tures  and  high  combustion-product  outflow  speeds  are  attained;  this 
ensures  that  the  engine  will  deliver  high  powers . 

As  a  result  of  the  high  power,  the  ZhRD  gives  the  aircraft  an 
extremely  high  flight  speed  (Table  I83) . 

2.  Design  simplicity  and  low  specific  weight  of  the  engine,  l.e, 
the  weight  per  1  kg  of  thrust.  Due  to  the  high  thermal  stressing, 
the  ZhRD  has  considerably  smaller  dimensions  and  lower  weight  than 
other  engine  types  developing  the  same  thrust;  this  makes  its  accommo 
dation  aboard  the  aircraft  easier. 

The  specific  weights  of  contemporary  ZhRD  vary  in  the  range  from 
0.01  to  0,05  kg/kg  of  thrust.  Thus,  for  example,  in  the  American 
"Viking”  rocket,  it  is  0.01,  for  the  ”Redstone”  it  is  0.02,  while 
for  the  SEPR  aircraft  ZhRD  It  is  0,05  kg/kg  of  thrust  [15]. 

3.  The  lack  of  any  Influence  exerted  by  the  environment  on  en¬ 
gine  performance  makes  it  possible  for  the  ZhRD  to  operate  at  all 
altitudes,  In  airless  space  and  under  water. 

4.  Independence  of  the  ZhRD's  thrust  of  the  speed  of  the  flying 
craft.  With  increasing  altitude,  the  ZhRD's  thrust  not  only  does  not 
fail  off,  as,  for  example,  it  does  In  VRD,  but,  on  the  contrary,  in- 


creases  due  to  the  drop  in  external  pressure. 

Higher  specific  fuel  consumption  is  a  distinctive  characteristic 
of  the  ZhRD.  In  a  ZhRD,  the  liquid  oxidizer  is  part  of  the  fuel,  so 
that  the  consumption  of  fuel  per  unit  of  thrust  is  many  times  larger 
in  a  ZhRD  than  in  reciprocating  and  turbojet  engines  (Table  l84) . 

A  deficiency  of  the  ZhRD  is  its  short  operating  time  —  from  2.5 
sec  to  2  hours  [13].  The  high  temperature  (3000-4000*^),  pressure 
(up  to  100  atmospheres)'  and  thermal  stressing  of  the  combustion 
chamber  (10  to  100  times  that  prevailing  in  the  VRD),  as  well  as  the 
complexity  of  providing  effective  cooling  for  it  are  all  reasons  why 
the  service  life  of  a  ZhRD  combustion  chamber  is  considerably  shorter 
than  that  of  a  VRD. 

Also  to  be  included  among  the  shortcomings  of  the  ZhRD  are  the, 
short  operating  time  of  the  engine  as  a  result  of  the  high  specific 
fuel  consumption. 

The  above  peculiarities  of  the  ZhRD  are  what  determine  the  range 
of  its  expedient  application.  ZhRD  are  used  where  it  is  necessary  to 
develop  high  speeds  and  large  thrusts  with  minimal  engine  weight. 

ZhRD  are  used  as  booster  powerplants  to  assist  aircraft  in 
taking  off,  to  increase  the  thrust  of  sustalner  engines  briefly  in 
order  to  reduce  climbing  time  or  increase  the  speed  of  horizontal 
flight,  as  well  as  in  special  powerplants. 

Rockets  with  ZhRD  are  coming  into  increasingly  widespread  use 
for  peaceful  purposes  --  for  research  in  the  upper  layers  of  the  at¬ 
mosphere  and  interplanetary  space. 

The  Soviet  Union  has  racked  up  great  successes  in  the  development 
of  rocket  engineering.  On  4  October  1957>  in  the  Soviet  Union,  a 
powerful  multistage  ballistic  rocket  was  used  in  the  successful 
launching  of  the  first  artificial  Earth  satellite  in  history.  Launch- 


Ing  of  a  second  and  then  a  third  satellite  followed  in  rapid  succes¬ 
sion.  In  January  1959 >  the  first  Soviet  cosmic  rocket  was  launched 
toward  the  Moon  and  became-  an  artificial  planet.  In  September  of 
1959#  a  Soviet  cosmic  rocket  was  the  first  in  history  to  reach  the 
surface  of  the  Moon,  and  in  October  of  the  same  year  an  automatic 
Interplanetary  station  was  placed  on  trajectory  for  a  flight  around 
the  Moon.  Subsequently,  three  powerful  satellite- spacecraft  were 
launched  into  orbit  around  the  Earth  and  the  problem  of  safe  return 
of  satellites  to  the  Earth  was  successfully  solved  for  the  first 
time.  Finally,  on  12  April  I96I,  the  Soviet  citizen  Major  Yu. A. 

Gagarin  became  the  first  man  in  history  to  complete  a  cosmic  flight. 
The  USSR  took  a  firm  grip  on  the  leading  position  in  the  world  in  the 
field  of  rocket  building. 

REQUIREMENTS  IMPOSED  ON  ZhRD  FUELS 

Selection  of  the  fuel  Is  an  extremely  important  stage  in  the 
process  of  designing  a  ZhRD.  The  efficiency  with  which  the  ZhRD  per¬ 
forms  and  the  speed,  range  and  altitude  of  the  rockets  depend  in 
many  respects  on  the  fuel  employed.  The  history  of  ZhRD  development 
is,  to  a  considerable  degree,  the  history  of  searches  for  and  tests  of 
liquid  materials  suitable  for  combustion  in  the  engine's  chamber  that 
will  ensure  its  efficient  operation.  A  large  number  of  chemical  sub¬ 
stances  was  studied.  However,  in  view  of  the  special  requirements 
made  as  regards  the  quality  of  the  fuels,  only  a  relatively  small 
number  of  them  have  been  used  in  practical  rocket  engines. 

The  specifications  for  ZhRD  fuels  are  determined  on  the  basis 
of  the  need  to  guarantee  eoonomloal  engine  operation,  easy  starting, 
stable  combustion  of  the  fuel,  effective  cooling  of  the  combustion 
chamber,  trouble-free  operation  of  the  fuel-feed  system,  operational 
reliability  under  various  conditions,  and  convenience  and  safety  in 
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handling  the  fuels  during  storage  and  shipping. 

Engine  Economy 

In  terms  of  insuring  the  highest  possible  operating  economy  of 
the  engine,  the  effectiveness  of  a  fuel  is  normally  evaluated  by  the 
effective  outflow  speed  of  Its  combustion  products.  According  to  tns 
theory  of  Jet  propulsion,  the  thrust  of  a  rocket  engine  may  be  ex¬ 
pressed  by  the  equation 

R  =  mu,  (1) 

where  R  is  the  reaction  thrust  of  the  engine  in  kg,  m  is  the  mass  of 
fuel  burned  in  the  engine  in  1  sec  or  the  mass  of  the  gaseous  combus¬ 
tion  products  of  the  fuel  that  flow  out  through  the  engine  nozzle  in 
1  sec,  in  kg* sec  /m,  and  u  is  the  outflow  speed  of  the  combustion 
products  in  m/sec. 

Expressing  the  mass  m  in  terms  of  weight.  Equation  (l)  may  be 
presented  in  the  following  form: 


where  G  is  the  per- second  fuel  consumption  in  kg  and  g  is  the  accel- 

P 

eration  of  gravity  in  m/sec  . 

The  higher  the  per- second  consumption  (of  mass)  of  the  fuel 
burned  in  the  engine  and  the  higher  the  outflow  speed  of  the  combus¬ 
tion  products  of  the  fuel,  the  greater  will  be  the  reaction  thrust 
developed  by  the  engine.  Consequently,  obtaining  a  high  reaction 
thrust  requires  selection  of  fuels  that  have  high  combustion  rates 
in  the  engine  and  enable  us  to  obtain  the  highest  possible  combus¬ 
tion-product  exhaust  velocity. 

The  outflow  speed  of  gaseous  combustion  products  from  a  ZhRD 
nozzle  may  also  be  determined  with  the  aid  of  the  following  mathe¬ 
matical  relationships; 


a=]/  m2gY§jPV 

or 

B=>i/ , 

where  P  is  the  gas  pressure  in  the  combustion  chamber,  V  is  the 
volume  of  the  gases  liberated  on  combustion  of  1  kg  of  fuel  (under 
standard  conditions)  or  the  specific  volume  of  the  gases,  T  is  the 
combustion  temperature  of  the  fuel,  R  Is  the  gas  constant  of  the  com¬ 
bustion  products,  which  depends  on  the  composition  of  the  gases,  K  = 

=  Cp/Cy  is  the  adiabatic  exponent,  which  depends  on  the  composition 
of  the  combustion  products  and  the  temperature  of  the  gases,  and 
T)^  is  the  thermal  efficiency  of  the  engine  or  the  fraction  of  the 
fuel’s  heat  energy  that  is  converted  into  mechanical  energy. 

The  primary  conclusion  to  be  drawn  from  Equations  (3)  and  (4)  is 
that  the  exhaust  velocity  of  the  combustion  products  increases  with 
increasing  specific  volume  of  the  gases  (gas  evolution)  and  the  com¬ 
bustion  temperature  of  the  fuel,  and  depends  on  the  gas  constant  R. 

The  combustion  temperature  of  the  gases  is  generally  determined 
by  the  heat  of  combustion  of  the  fuel,  and  the  gas  constant  by  the 
composition  of  the  combustion  products,  since 


where  is  the  apparent  molecular  weight  of  the  fuel's  combustion 
products. 

The  gas  constant  R  characterizes  the  work  capacity  of  the  gas 
and  increases  as  its  molecular  weight  diminishes.  Consequently,  to 
obtain  a  high  outflow  velocity  of  the  combust ion- product  gases,  the 
fuels  must  have  the  lowest  possible  molecular  weight* 

The  concept  of  "specific  thrust"  (K^j)#  l.e.,  the  thrust  of  the 


(3) 

(4) 
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engine  referred  to  the  unit  per- second  fuel  consumption,  is  normally 
used  to  characterize  a  fuel.  The  specif ic-thrust  value  may  be  com¬ 
puted  with  the  aid  of  the  following  equations,  which  were  derived  by 
V.P.  Glushko  [5]  assuming  that  the  heat  energy  of  the  fuel  is  con-  ' 
verted  i.nto  kinetic  energy  of  the  combustion  products  1 

i*7a=»  9,331^  il»  if  kg- sec/kg } 

^7as=»9,33y»i<i^C  kg-sec/liter, 

where  H  -  the  heat  of  combustion  of  the  fuel  —  is  the  quantity  of 
heat  liberated  on  complete  combustion  of  1  kg  of  fuel  less  the  heats 
of  condensation  of  the  substances,  in  kcal/kg,  p  is  the  density  of 
the  fuel  in  kg/llter  and  Is  the  thermal  efficiency  of  the  engine. 

The  higher  the  heat  of  combustion  and  density  of  the  fuel,  the 
higher  will  be  the  engine's  specific  thrust.  And  in  turn,  the  higher 
the  engine's  specific  thrust,  the  lower  will  be  the  fuel  consumption 
per  1  kg  of  thrust  for  a  given  absolute  thrust  and,  consequently,  the 
longer  will  be  the  range  of  the  apparatus  for  a  given  fuel  supply  in 
the  tanks. 

We  note  here  that  for  ordinary  combustibles,  with  which  atmos¬ 
pheric  oxygen  is  used  as  the  oxidizer,  the  heat  of-  combustion  is 
conventionally  referred  only  to  the  weight  of  the  combustible  Itself. 
In  ZhRD,  the  combustible  and  oxidizer  are  accommodated  in  tanks 
aboard  the  rocket  craft,  so  that  the  heat  of  combustion  of  rocket 
fuels  is  referred  to  the  weight  of  the  entire  fuel}  combustible  + 

+  oxidizer.  Here,  the*  proportions  of  combustible  and  oxidizer  are 
assumed  to  be  stoichiometric. 

Figure  244  shows  how  the  specific  thrust  of  an  engine  varies  as 
a  function  of  the  heat  of  ccmibustlon  of  the  fuel  for  fuels  of  differ¬ 
ent  densities.  It  will  be  seen  from  Pig,  244  that  a  given  specific- 
thrust  value  may  be  obtained  either  by  using  a  fuel  of  low  density 


(0.5  kg/liter)  and  a  high  heat  of  combustion  (4000  kcal/kg)  or  by 
using  a  fuel  with  a  lower  heat  of  combustion  (2000  kcal/kg)  but  a 
high  density  (1.0  kg/liter). 


1  H^KHafl/n 


too  ioo  300  m 

2  P,iti/nceK 


This  type  of  relationship  between  the 
heat  of  combustion  and  the  density  of  a 
fuel  becomes  understandable  if  we  remember 
that  the  specific  thrust  of  the  engine  de¬ 
pends  on  the  quantity  of  combustion  pro¬ 
ducts  formed  on  combustion  of  a  unit  amount 
of  fuel  and  on  their  temperature. 

For  a  given  heat  of  combustion,  the 


Fig.  244.  Variation  of  quantity  of  products  formed  increases  as 


specific  thrust  of 

ZhRD  as  a  function  of 
heat  of  combustion  H 
and  density  p  of  fuel. 
1)  H,  kcal/kg;  2)  P, 
k^llter-sec.- 


the  density  of  the  fuel  rises.  A  conse¬ 
quence  of  an  increase  in  heat  of  combus¬ 
tion  is  an  increase  in  the  temperature  of 
the  combustion  products.  In  either  case. 


we  observe  an  increase  in  the  engine's  npeclflc  thrust. 

It  should  be  noted,  however,  that  the  range  of  a  rocket  depends  • 
on  the  manner  in  which  the  engine's  specific  thrust  iz  Increased.  If 
the  engine's  specific  thrust  is  increased  by  'ilsing  the  heat  of  com¬ 
bustion,  the  range  of  the  rocket  will  Increase  in  p:  oportlon  to  the 
fuel's  heat  of  combustion.  If  the  engine's  specific  thrust  Is  in¬ 
creased  by  raising  the  density  of  the  fuel,  the  total  weight  of  the 
rocket  will  increase,  and  this  will  at.,  orb  an  additional  amount  of 
the  specific-thrust  gain  achieved.  Consequently,  increasing  the 
range  of  the  rocket  by  «  given  amount  requiree  e  reletlvely  larger 
Increase  In  fuel  density  rather  tha a  in  its  heat  of  combustion. 

As  will  be  recalled  from  theri»odynamlcs,  the  thermal  efficiency 
of  the  engine  (q^)  depends  on  the  adiabatic  exponent  SC,  the  ratio 
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Cp/Cy),  which  is  determined  by  the  composition  of  the  fuel's  combus¬ 
tion  products.  As  we  pass  from  monatomic  to  polyatomic  gases,  di¬ 
minishes  (Table  185) . 

To  achieve  a  high  specific  thrust,  the  fuel's  combustion  products 
must  be  stable  against  thennal  dissociation.  Dissociation  of  the 
combustion  products  is  accompanied  by  absorption  of  energy,  and  this 
reduces  the  amount  of  heat  evolved  in  the  ZhRD's  combustion  chamber. 

The  extent  to  which  the  combustion  products  dissociate  Increases 
with  increasing  temperature.  Consequently,  it  is  desirable  to  have 
the  lowest  possible  temperature  in  the  combustion  chamber  in  order  to 
reduce  the  heat-energy  losses  due  to  dissociation  of  the  combustion 
products . 

For  a  given  fuel  heat  of  combustion,  the  combustion  temperature 
and,  consequently,  the  degree  of  dissociation  of  the  combustion 
products  will  be  the  smaller  the  larger  their  unit-weight  heat 
capacity.  A  reduction  in  the  combust! on- product  molecular  weight  re¬ 
sults  in  an  increase  in  their  heat  capacity  and,  consequently,  in  a 
drop  in  the  fuel's  combustion  temperature. 

TABLE  185 

Themal  Efficiency  of  Rocket  Sigine  as  a  Func¬ 
tion  of  Composition  of  Fuel  Combustion  Products 
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1)  Number  of  atoms  in  molecule  of  gas;  2)  chem¬ 
ical  formula  of  co^ustlas  products;  3)  at 

combust ioswchansber  pressure  in  atmospheres. 

The  degi’ce  of  combust  ion- product  dissociation  depends  on  the 
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number  of  atoms  In  the  gas  molecule.  Molecules  with  smaller  numbers  cf 
atoms  are  more  stable  against  thermal  dissociation  than  molecules 
with  large  numbers  of  atoms. 

The  effective  efficiency  (ri^)  of  the  engine,  which  is  character- 

*  w 

ized  by  the  ratio  of  the  quantity  of  heat  converted  into  kinetic 
energy  to  the  total  amount  of  heat  expended,  Influences  specific 
thrust.  The  effective  efficiency  of  an  engine  depends  on  the  complete¬ 
ness  with  which  the  fuel  is  burned.  The  higher  the  completeness  of 
fuel  combustion,  the  more  heat  will  be  converted  into  kinetic  energy, 
l.e.,  the  higher  will  be  the  engine's  effective  efficiency. 

For  a  given  set  of  design  parameters,  the  completeness  with 
which  the  fuel  is  burned  and,  consequently,  the  effective  efficiency 
of  the  engine  depend  to  a  considerable  degree  on  fuel  quality  and 
primarily  on  such  physicochemical  properties  as  the  concentration 
range  of  ignition,  the  ignition  lag,  the  normal  rate  of  flame  propa¬ 
gation  and  vaporlzability. 

Evaporating  and  mixing  in  the  ZhRD,  the  atomized  combustible 
and  oxidizer  form  zones  of  widely  varying  composition  —  from  very 
rich  to  very  lean  mixtures.  The  wider  the  concentration  range  of  ig¬ 
nition  exhibited  by  the  fuel,  the  greater  will  be  the  number  of  com¬ 
bustion  foci  that  appear  and  the  higher  will  be  the  mass  rate  of 
combustion,  the  per-second  fuel  consumption  and  the  completeness  of 
fuel  combustion. 

In  the  engine's  chamber,  the  fuel  does  not  ignite  instantaneously 
after  sparking  or  after  hypergolic  components  have  been  brought  into 
contact,  but  only  after  a  certain  Interval  of  time  has  elapsed  <->  the 
ignition  lag. 

The  Ignition  lag  influences  the  completeness  of  a  fuel's  com- 
c-uotlon.  With  a  long  Ignition  lag,  the  fuel  modules  travel  greater 


distances  in  the  combustion  chamber  before  they  burn.  When  this 
happens,  the  time  available  for  combustion  of  the  fuel  is  reduced  ac¬ 
cordingly  and  the  amount  of  fuel  burned  after  leaving  the  nozzle  will 
Increase . 

Substances  of  various  types  that  frequently  differ  considerably 
as  regards  normal  rate  of  flame  propagation  may  be  used  as  combusti¬ 
bles  and  oxidizers  for  ZhRD. 

The  higher  the  normal  velocity  of  flame  propagation,  all  other 
conditions  the  same,'  the  more  complete  will  be  combustion  of  the 
fuel  in  the  engine.  Finally,  completeness  of  combustion  depends  on 
the  vaporizability  of  the  fuel  components  -  the  combustible  and  the 
oxidizer. 

Vaporization  of  the  fuel  is  a  necessary  condition  for  Its  com¬ 
bustion,  Before  Igniting,  the  fuel  must  be  vaporized  and  mixed  with 
an  oxidizer.  Consequently,  if  the  vaporizability  of  the  fuel  or  of 
one  of  its  components  lies  below  a  certain  limit,  the  completeness  of 
fuel  combustion  will  be  reduced. 

The  evaporation  rate  of  the  fuel  components  in  the  engine  depends 
not  only  on  their  physical  properties,  but  also  on  the  fineness  with 
which  they  are  atomized.  As  the  droplet  diameter  diminishes,  the  rate 
of  vaporisation  rises.  The  fineness  of  atomization  is,  in  turn,  the 
greater  the  smaller  the  surface  tension  of  the  combustible  ahd  the 
oxidizer. 

Consequently,  to  ensure  economical  operation  of  a  ZhRD,  the  fuel 
must  be  characterized  by  the  highest  possible  heat  of  combustion  and 
density,  wide  concentration  ranges  of  ignition,  a  minimal  ignition 
lag,  a  high  normal  flame- propagation  velocity,  low  surface  tension 
and  a  rather  high  vaporization  rate  of  its  components.  The  gaseous 
combust iotr  products  of  the  fuel  must  have  the  lowest  possible  molecu- 


lar  weight .  .  .  ; 

Starting  the  Engine 

The  operating  dependability  of  an  engine  depends  in  many  respects 
on  how  It  Is  started.  At  the  Instant  of  starting,  the  fuel  Is  Ignited 
after  an  Interval  of  time  equal  to  the  Ignition  lag.  During  this 
time,  an  explosive  mixture.  Instantaneous  ignition  of  which  results  In 
an  explosion,  accumulates  In  the  combustion  chamber.  The  force  of  the 
explosion  depends  on  the  quantity  of  fuel  that  has  entered  the  com¬ 
bustion  chamber  by  the  time  of  Ignition.  With  long  ignition  lags,  so 
much  fuel  may  accumulate  In  the  combustion  chamber  that  Its  Ignition 
would  result  In  damage  to  the  engine. 

The  smaller  the  amount  of  fuel  that  has  entered  the  chamber 
prior  to  ignition,  the  more  smoothly  will  the  engine  start. 

The  quantity  Q  of  fuel  that  has  entered  the  combustion  chamber  by 
the  time  of  Ignition  depends,  on  the  one  hand,  on  the  fuel- feed  rate 
Q  and,  on  the  other  hand,  on  the  Ignition  lag  t: 

G<bQx. 

It  follows  from  this  that  the  fuel- flow  rate  should  be  smaller 
than  its  maximum  and  the  ignition  lag  should  be  as  short  as  possible 
when  the  engine  is  started.  To  a  certain  degree,  the  ignition  lag 
characterizes  the  starting  properties  of  the  fuel. 

The  ignition  lag  depends  on  mixture  composition.  At  the  time  of 
starting,  many  zones  with  rich  and  lean  combustible-and- oxidizer  mix¬ 
ture  form  In  the  combustion  chamber.  Consequently,  one  of  the  require¬ 
ments  set  forth  for  a  ZhRD  fuel  is  constancy  of  the  fuel’s  Ignition 
leg  With  respect  to  mixture  oomposition  with  a  relatively  low  abso¬ 
lute  magnitude  of -.s  value. 

The  eaue  of  timltlon  of  a  fuel  depends  to  a  considerable  degree 
on  the  concrntratio.;^ ranges  and  Ignition  temperature  of  the  fuels.  Tac 


wider  the  concentration  range  of  ignition  of  a  fuel,  the  easier  will 
it  be  to  start  the  engine.  In  this  case,  a  large  number  of  zones  in 
which  the  combustlble-to-.oxidizer  ratio  is.  within  the  ignition  range 
will  form  in  the  combustion  chamber. 

It  la  also  obvious  that  the  ease  and  dependability  of  starting 
will  be  the  greater  the  lower  the  fuel's  ignition  temperature.  The 
latter  depends  on  the  vaporizability  of  the  fuel. 

Consequently,  to  ensure  dependable  starting  of^  a  ZhRD  it  is 
necessary  that  the  fuel  be  characterized  by  the  shortest  possible  ig¬ 
nition  lag,  wide  concentration  ranges  of  ignition,  and  rather  good 
vaporizability,  the  latter  guaranteeing  formation  "of  the  necessary  ' 
concentration  of  combustible  and  oxidizer  vapors  in  the  cold  engine 
at  the  time  of  starting. 

Stability  of  Combustion  of  Fuel  in  ZhRD 

One  of  the  requirements  set  forth  for  ZhRD  Is  that  it  guarantee 
a  constant  thrust  for  a  given  fuel- flow  rate.  This  requirement  is 
never  satisfied  in  practice.  There  are  always  pressure  fluctuations. 


at  a  frecuer.cv  rar.»ir.r  frcrr.  IC  to  5000  cvcies  in  the  engine's  com¬ 


bustion  chamber,  and  these  sometimes  become  aperiodic.  The  pulsations 
of  engine  thrust  that  arise  as  a  result  may  lead  to  damage  to  compo¬ 
nents  of  the  vehicle  and  even  to  the  engine  itself. 

Such  pressure  oscillations  are  related  to  the  fuel's  ignition 
lag.  With  an  adequate  pressure  prevailing  in  the  fuel- feed  line, 
variations  in  the  combustion-chamber  pressure  result  in  corresponding 
variations  in  the  quantity  of  fuel  fed.  Taus,  when  the  combustion- 
chamber  pressure  rises,  the  fuel-feed  rate  diminishes.  In  turn,  the 
drop  in  fuel-feed  rate  reduces  the  combustion-chamber  pressure;  how¬ 
ever,  this  response  does  not  take  place  instantaneously  in  tne  engine, 
but  only  after  a  certain  interval  of  time  has  elapsed,  and  this  time 
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depends  on  the  Ignition: lag.  During  this  time,  the  pressure  continues 
at  its  elevated  level  and  the  fuel- feed  rate  is  subnormal.  Then  the 
process  is  repeated  in  reverse  order.  Due  to  the  depressed  pressure 
in  the  combustion  chamber,  the  fuel- feed  rate  rises  and  this  raises 
the  pressure  in  the  combustion  chamber.  In  this  case,  the  pressure, 
which  has  again  been  raised  as  a  result  of  the  fuel's  ignition  lag, 
is  maintained  in  the  combustion  chamber  longer  than  is  required  to 
equalize  the  pressure  and  the  fluctuations  do  not  die  out.  Obviously, 
the  shorter  the  ignition  lag  of  the  fuel,  the  higher  will  be  combus¬ 
tion  stability,  the  lower  will  be  the  amplitude  of  the  oscillations, 
and  the  more  dependably  will  the  engine  perform. 

Stable  combustion  of  fuel  in  a  ZhRD  depends  not  only  on  the 
fuel's  ignition  lag,  but  also  on  the  engine's  design  and  operating 
parameters.  Research  has  shown  that  to  ensure  stable  operation  it  is 
necessary  to: 

a)  Increase  the  pressure  difference  between  tank  and  chamber; 

b)  increase  the,  combustion-chamber  volume  and  the  length  of  the 
pipelines; 

c)  reduce  the  cross  section  of  the  pipelines  or  increase  the 
mass  flow  rate  in  them  [173. 

Obviously,  in  addition  to  the  design  parameters,  the  quality  of 
the  fuel  ana  such  Indices  as  viscosity  and  density  in  particular  may 
influence  the  pressure  difference  between  the  tank  and  the  chamber 
and  the  mass  flow  rate  in  the  fuel  lines . 

Under  the  operating  conditions  of  ZhRD,  the  temperature  of  the 
fuel  In  the  tanks  may  vary  over  a  wide  range  —  from  -50  to  +50®  and 
more  -  as  a  function  of  ambient  temperature.  The  viscosity  and  density 
of  the  fuel  will  vary  accordingly.  The  higher  the  temperature  of  the 
the  lower  will  be  its  viscosity  and  the  hydraulic  resistance 


in  the  fuel  line;  this  will  be  reflected  in  a  drop  in  the  pressure 
difference  between  the  tank  and  the  chamber. 

Simultaneously  with  an  increase  in  the  temperature  of  the  fuel, 
the  density  of  the  components  diminishes  and  the  mass  flow  rate  in 
the  pipelines  drops  aocordingly#  Consequently,  reducing  viscosity  and 
density  contributes  to  lowering  the  stability  of  combustion. 

However,  these  quality  indices  of  the  fuel  have  less,  influence 
on  the  ope-rating  stability  of  a  ZhRD  than  does  the  ignition  lag.  Con¬ 
sequently,  the  fuel  must  be  characterized  primarily  by  a  minimal  ig¬ 
nition  lag  if  stability  of  combustion  in  a  ZhRD  is  to  be  ensured. 
Cooling  of  ZhRD  Combustion  Chambers 

The  ZhRD  is  an  apparatus  operating  under  very  high  thermal  stress 
A  large  quantity  of  fuel  is  burned  in  its  relatively  small  volume  in 
a  very  short  time. 

Reliable  operation  of  a  ZhRD  requires  sufficiently  effective 
cooling  of  the  engine's  combustion  chamber  and  nozzle.  The  quantity 
of  heat  that  passes  through  the  cooled  walls  of  the  nozzle  may  reach 
very  high  values  (o.ver  5*10°  kcal/m  -hour) .  Here,  the  difference  be¬ 
tween  the  temperatures  on  either  side  of  the  wall  may  reach  500-600°. 

ZhRD  are  cooled  either  by  pumping  combustible  or  oxidizer  through 
a  coolant  Jacket  on  their  way  bo  the  engine's  nozzles  (regenerative 
cooling)  or  by  forming  a  thin  film  of  combustible  or  oxidizer  on  the 
inner  surface  of  the  combustion  chamber  and  nozzle,  so  that,  on 
evaporation,  it  will  protect  the  walls  by  reducing  the  quantity  of 
heat  supplied  to  them  by  the  combustion  products  (film  cooling). 

Sometimes  combined  cooling  is  employed:  regenerative  +  film. 

Additional  requirements  are  imposed  on  fuel  components  if  they 
are  to  be  used  as  coolants.  Foremost  among  these  are  adequate  thermal 
stability. 


The  effectivenese  of  regeneratiye  cooling  depends  on  the  boiling 
point  and  heat  capacity  of ,, the  coolant.  The  higher  these  Indices,  the 


greater  the  amount  of  heat  that  1  kg  of  coolant  can  absorb  and  the 
more  effective  the  cooling.  The  effectiveness  of  film  cooling  of  an 
engine  depends  on  the  heat  of  vaporization  of  the  coolant,  in  addi¬ 
tion  to  the  Indices  enumerated  above.  Obviously,  the  higher  the  heat 
of  vaporization  of  the  coolant,  the  more  effectively  will  it  cool 
the  engine  1. 

Consequently,  the  components  of  fuels  (or  at  least  one  of  them) 
must  be  characterized  by  a  high  boiling  point  and  high  values  of 
heat  capacity  and  latent  heat  of  vaporization. 

Moreover,  the  fuel's  components  must  have  low  saturation  vapor 
pressures  and  not  corrode  the  metal  of  the  engine's  liner  at  elevated 
temperatures. 

Fuel  Feed  into  ZhRD  Combustion  Chamber 

A  necessary  condition  for  dependable  operation  of  a  ZhRD  is 
utterly  dependable  fuel  supply  to  the  combustion  chamber.  Causes  of 
fuel- supply  trouble  In  the  liquid  rocket  engine  that  depend  on  fuel 
quality  may  be  a  high  pour  point  of  the  fuel  components,  high  vapor 
pressure,  which  creates  a  danger  of  vapor- lock  formation,  and  in¬ 
adequate  chemical  stability. 

Formation  of  tarry  substances  and  deposits  that  interfere  with 
normal  operation  of  the  ZhRD  may  be  among  the  consequences  of  inade¬ 
quate  chemical  stability  in  certain  types  of  combustibles.  The  speci¬ 
fications  for  chemical  stability  of  the  combustible  become  more 
z^igld  if  It  is  used  as  a  coolant.  At  alavatad  cotnbustibxa  tampara- 
tures,  in  the  coolant  Jacket,  tarry  substances  may  form  and  settle  to 
cause  local  deterioration  of  heat  dissipation  and,  possibly,  burn- 
through  of  the  combustion  chamber. 


Moreover,  the  use  of  a  chemically  unstable  combustible  sometimes 
causes  formation  of  scale  on  the  fuel  nozzles  and  in  the  combustion 
chamber;  this  is  detrimental  to  atomization,  Interferes  with  combus¬ 
tion,  and  may  even  lead  to  burnout  of  the  combustion  chamber. 

Other  Specifications  Set  Forth  for  Fuels 

The  components  of  a  fuel  —  combustible  and  oxidizer  -  may  be 
stored  for  long  periods,  pxnnped  and  shipped  before  they  arrive  at  the 
engine's  combustion  chamber. 

During  this  time,  such  factors  as  temperature,  contact  with 
oxygen  and  moist  air  and  various  metals,  intensive  agitation  during 
transfers,  etc.,  act  upon  the  combustible  and  oxidizer.  The  com¬ 
bustible  and  oxidizer  may  undergo  no  changes  in  their  physicochemical 
indices  under  these  conditions. 

The  requirement  of  high  physical  stability  Imposed  upon  the 
combustible  and  oxidizer  is  dictated  by  the  effort  to  use  substances 
that  do  not  admit  of  large  evaporation  losses  during  storage  and 
shipping.  The  combustible  and  oxidizer  must  exhibit  chemical  sta¬ 
bility  adequate  to  exclude  the  possibility  of  slow  or  explosive  de¬ 
composition  during  storage  and  transportation.  The  use  of  certain 
rather  unstable,  easily  decomposed  substances  as  fuel  for  ZhRD  or 
fuel  components  makes  it  more  difficult  to  use  them. 

In  addition  to  adequately  high  physical  and  chemical  stability, 
it  is  desirable  that  the  components  of  a  ZhRD  fuel  be  safe  to  handle 
and  not  represent  a  fire  or  toxicity  hazard  and  be  available  on  an 
industrial  scale. 

At  the  present  time,  there  are  no  fuels  that  fully  satisfy  all 
of  the  specifications  set  forth  for  them.  In  practice,  it  is  neces¬ 
sary  to  select  for  use  fuels  that  will  give  the  best  results  for  a 
given  sot  of  ZtiRD  working  conditions. 


CLASSIFICATION  OF  FUELS  FOR  ROCKET  ENGINES 

Fuels  for  rocket  engines  may  be  classified  on  the  basis  of  varlou 
criteria.  On  the  basis  of  physical  state,  they  are  classified  as 
liquid  and  solid  fuels  (powders). 

Liquid  fuels  are  subdivided  Into  two  classes  In  accordance  with 
the  method  In  which  they  are  used:  the  bipropellant  and  monopropellant 
types  (Plg.  245).  Here  the  term  "propellant"  applies  to  each  of  the 
substances  fed  separately  Into  the  ZhRD  combustion  chamber. 


Fig.  245,  Classification  of  fuels  for  rocket 
engines.  1)  Rocket-engine  fuels;  2)  solid 
fuels;  3)  liquid  fuels;  4)  monopropellant 
fuels;  5)  bipropellant  fuels;  6)  molecular- 
composition  fuels;  7)  mixtures  of  combustible 
and  oxidizer;  8)  hypergolic  fuels;  9)  nonhy- 
pergolic  fuels;  10)  combustible;  11)  oxidizer. 

As  the  name  Indicates,  bipropellant  fuels  consist  of  two  pro¬ 
pellants  -  the  combustible  and  the  oxidizer  -  that  are  fed  separately 
Into  the  engine’s  chamber.  These  propellants  are  mixed  in  the  ZhRD's 
combustion  chamber.  Such  fuels  are  also  knovm  as  separately- fed  fuelr. 

Monopropellant  fuels  are  those  that  require  no  externally  i  >- 


plied  oxidizer  for  combustion.  The  use  of  monopropellant  fuels  makes 
it  possible  to  simplify  the  engine's  fuel  system  considerably.  However 
their  use  is  as  yet  limited  by  the  explosion  hazards  that  they  create 

t 

and  their  relatively  low  heats  of  combustion. 

Bipropellant  fuels  are  most  widely  used. 

Separate  storage  of  the  combustible  and  oxidizer  in  different 
tanks  greatly  reduces  the  explosion  hazard  and  ameliorates  the  con¬ 
ditions  of  use,  storage  and  shipping  of  the  fuel.  Moreover,  the  use 
of  bipropellant  fuels  expands  considerably  the  possibilities  for 

•t 

selecting  substances  suitable  for  use  as  the  combustible  and  oxidizer 
and  thus  enables  us  to  create  the  most  effective  fuel  mixtures. 

Bipropellant  fuels  may  be  broken  down  into  two  groups  on  the 
basis  of  the  method  of  Ignition  in  the  engine:  hypergolic  and  nonhy- 
pergolic  fuels. 

On  contact  between  certain  combustibles  and  oxidizers  at  normal 

« 

temperature,  a  chemical  reaction  takes  place  with  evolution  of  a 
quantity  of  heat  adequate  to  ignite  the  fuel  mixture.  Such  fuels 
have  come  to  be  known  as  hypergolic. 

The  second  group  of  fuels  Includes  those  whose  liquid  components 
(combustible  and  oxidizer)  do  not  ignite  on  contact  and  require  an 
extraneous  source  of  heat  for  their  ignition.  Engines  that  operate  on 
such  fuels  must  be  equipped  with  devices  to  fire  the  fuel  mixture. 

The  advantages  of  forced-ignition  fuels  include  a  considerable 
reduction  of  the  fire  hazard.  If  the  combustible  and  oxidizer  are 
[accidentally]  poured  together,  their  contact  does  not  result  in  a 
conflagration  in  the  absence  of  an  ignition  source. 

A  very  large  number  of  combinations  of  different  substances  may 
be  used  as  f^rcod- ignition  bipropellant  fuels. 

On  the  basis  of  their  px'incipal  functions,  ZhRD  fuels  are  classed 

*  •  ' 
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as  sustaining,  starting  and  auxiliary. 

The  sustaining  fuels  are  the  fuels  used  directly  to  operate  the 
engine  as  the  basic  energy  source  and  working  fluid. 

The  starting  fuels  are  fuels  used  for  ignition  of  nonhypergollc 
suscainer  fuels  in  cne  conibuswion  onair^er  zhe  engine  is  scarced. 

The  auxiliary  fuels  Include  fuels  used  to  feed  the  ZhRD's  auxil- 
lary  equipment  (turbopump  set,  liquid  pressure  accumulator  of  system 
feeding  sustainer  fuel,  and  so  forth). 
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material  base.  Naturally,  this  has  drawn  the  attention  of  researchers 
to  this  type  of  combustible'  even  before  the  period  in  which  rocket 
technology  developed.  The  first  fuel  mixtures  employed  in  ZhRD  were 
opcygen- gasoline  mixtures  [7}. 

A  high  heat  of  combustion  oharacterlaes  hydrocarbon  combustibles. 
This  positive  property  of  hydrocarbons  was  an  obstacle  to  their 
practical  utilization  in  the  early  period  of  ZhRD  development.  Owing 
to  the  high  heat  of  combustion  of  hydrocarbons  very  high  temperatures 
appear  in  the  combustion  chamber]  this  complicates  the  selection  of 
structural  materials  that  will  resist  such  temperatures, 

For  this  reason,  it  is  especially  difficult  to  burn  hydrocarbons 
with  liquid  oxygen.  It  is  a  very  complicated  matter  to  cool  an  engine 
With  a  hydrocarbon  combustible,  since  the  proportion  of  combustiblej 
in  the  fuel  mixture  is  relatively  small  (20^),  while  the  heat  ca¬ 
pacity  of  the  hydrocai‘bons  is  also  small  (*•0.45  kcal/kg).  Liquid 
oxygen  is  little  suited  to  cooling  an  engine  owing  to  its  low  boiling 
point, 

,  Engine  desigj^s  presently  exist  that  maive  it  possible  to  use  hy¬ 
drocarbon  combustibles  with  either  liquid  oxygen  or  with  oxidizers 
based  upon  nitric  acid  and  hydrogen  peiK>xide  [8,  I8],  Tiie  ZtiHD  in 
many  Iai*g;e  ballistic  of  the  Uiiited  States  operate  with  hydro¬ 

carbon  ecmbustibics. 


Tho  various  hydrocarbons  contained  in  peti'ol.'.'um  products  differ 
little  among  tiiemselves  in  heat  of  combustion  (iatele  iB?)  ig* 
nition  lag  ^46  )]  the  choice  of  ccsabustible  iiydrocarbon  compoai- 

tion  thvis  made  so  aa  to  satisfy  i^'quirements  for  other 

charactc.ristlcs  m  far  a#  possible. 


As  a 

and 


u4se  aviation  kerosene,  cracked  kerosene,  gaecllne, 
fro®  cisa  proceaalJig.  of  .pet.s'oleum,  coal. 
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Basic  Physical- Chemical  Properties  of  some  ZhRD  Combustibles 
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*DGnslty  at  boiling  point. 

1)  Combustible;  2)  chemical  fomula;  3)  molecular  weight;  4)  boiling 
point,  °C;  5)  freezing  point,  ^C;  6)  density  as  a  l.lquld,  7) 

viscosity,  centlpoises:  8}  gasoline;  9)  kerosene;  10)  acetylene  (li¬ 
quid);  ll)  toluene;  12)  Isooctane;  13)  methyl  alcohol;  l4)  ethyl  al¬ 
cohol;  15)  furfuryl  alcohol;  16)  aniline;  17)  ethylamlne;  18)  triethyl- 
amine;  19)  xylidine;  20)  hydrazine;  21)  hydrazine  hydrate;  22)  dlm- 
ethylh^/drazine;  23)  ammonia  (liquid);  24)  vlnylbutanol  [sic;  formula 
and  characteristics  are  the  same  as  those  listed  for  furfuryl  alcohol] 
25)  hydrogen  (liquid);  26)  average;  2?)  below;  28)  mm  tig. 

ii'-idx  shales.  Preference  is  most  frequently  given  to  the  kerosenes, 

which  have  greater  density  than  the  gasolines,  and  wlilch  are  nearly 


as  good  with  respect  to  other  characteristics  (Fig.  247).  Kerosenes, 


which  boll  at  higher  temperatures,  may  be  used  to  cool  the  engine. 

In  the  ZhRD  for  the  American  Nike  and  Atlas  I’ockets,  standard 
OP-4  aviation  I’uel  is  used  as  the  oombustlblo  (this  la  a  mixture  of 
:fcu:oilne  and  kerosene  fractions  [11—  1C]). 

;h  recent  years,  grade  RP-4  kerosene  has  been  i.iti'oduced  speclall 
.  Luc  United  States  for  ZhRD  (specification  Mil-R-25576);  it  has  a 


TABLE  187 

Heat  of  Combustion  for  Various  Classes  of 
Hydrocarbons  In  Stoichiometric  Mixture  with 
Liquid  Oxygen 


1  VrAcnoAopoAU 


rinpaipnnoiiiiie 

4  Ojici{)nBOBuo  . 

5  Ha(fiTonoBue  . 
5  ApOMBTOBeCKHe 


pTenJioia  cropaasat 
^  KKaAfxt 


2250-2280 

2250-2400 

2250-2290 

2280-2300 


1)  Hydrocarbons;  2^  heat  of  combustion,  kcal/ 

Ag;  3)  paraffin;  4)  olefins;  5)  naphthenes;. 

6)  aromatics. 

very  low  content  of  aromatic  and  unsaturated  hydrocarbons,  and  boils 
in  the  195  -  275°  range.  It  is  used  with  nitric  acid  or  with  liquid 
oxygen  in  the  engines  of  the  Thor  rocket,  and  in  the  first  stages  of 
the  Vanguard  and  Saturn  rockets  [3,  12]. 

When  kerosene  is  used  to 


10S0  m  mm 


ccol  an  engine  chamber  whose 
walls  are  heated  to  high  tem¬ 
perature  (300  r-  600®),,  it  is  pos¬ 
sible  that  solid  deposits  will 
form  on  the  cooled  surfaces,  con- 


Pig.  246.  Variation  in  ignition 

lag  of  hydrocarbons  mixed  with  siderably  in^jalring  cooling  con- 

air  as  a  fanetion  of  tenipQratui"e 

t52].  l)Ligi'oin,  d(15/l5;  0.721;  dltlons.  The  fraction  composition 

2)  fractions  boiling  in  100  -  120®  ■  ^ 


2)  fractions  boiling  in  100  -  120 
range,  d{ 15/15)  =  0.7^3;  3)  kero¬ 
sene,  d(15/15l  “  0.743;  4]  heavy 
fuel,  d(  15/15)  “  0.875;  5)  w'si 


of  RP-1  kerosene  has  teen  so  cal¬ 


m/sec.  culated  as  to  reduce  the  content 


01^  cyclic  (naphthene)  iiydjxjc’arbons 

which  as  investigations  have  shown  [13}  possess  a  higher  theiml  Sta¬ 
bility. 

Ihe  basic  properties  of  certain  fuels  using  kei*osene  as  the  combus¬ 
tible  are  shown  in  Ihble  IBS  [1\  and  Fig.  24?  [2j.  Flgui’e  248  shows  the 
design  chai‘actorlslics  o?  using  gasoline  and  liquid  oxygen  (9], 
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Pig.  247.  Theoretical  specific 
thrust  of  ZhRD  as  a  func¬ 
tion  of  combustion- chamber  pres¬ 
sure  P.  ,  kerosene  burnt  with  var¬ 
ious  oxidizers  (pressure  of  gases 
In  exit  section  of  nozzle  1  atm; 
excess-pxldlzer  factor  a  =  0.8). 
1)  Kerosene  +  liquid  oxygen;  2) 
ethyl  alcohol  +  liquid  oxygen; 

3)  kerosene  +  (60^  ^^^3 

NpO^);  4)  kerosene  +  nitric  acid; 
5)  kg  sec/kg;  6)  Pj^  atm 

abs. 


TABLE  188 

Fuels  for  ZhRD  Using  Kerosene  as  the  Combustible 


ALCOHOL-EASE/ COMBUSTIBLES 

Alcohols  are  widely  used  as 
a  combustible  for  ZhRD  in  con¬ 
junction  with  such  oxidizers  as 
liquid  oxygen  and  hydrogen  perox¬ 
ide.  These  alcohols  Ignite  easily 
with  such  oxidizers  and  burn 
smoothly.  The  ignition  lag  is  less 
for  alcohols  than  for  hydrocarbons, 
The  first  ZhRD  created  in  the 
USSR  for  research  purposes,  as 
well  as  the  first  German  military 
rocket  using  ZhRD  operated  on  al¬ 
cohol  and  liquid  oxygen  [7>  ~ 

16 j.  At  the  present  time,  alcohols 
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liote:  Ihe  specific  thrust,  combustion  temperatui’e,  and  apparent  mole¬ 
cular  weight  of  the  gases  is  detemined  by  calculation  for  a  pressure 
diffei'eniial  of  ^jOjI  and  a  In  the  i'eglon  that  is  optimum  for  the  given 
fuel,  'Hie  total  heat  conteiit  for  kerosor4es  is  assumed  to  equal  440 
keal/kg, 

''  Kldlzer;  2)  combustible;  3)  theoretically  I'equli’ed  amount  of  oxi- 
’■sr,  kg  oxidizer/kg  combustible;  4)  heat  of  combustion,  kcal/kg; 

:'ii' '  density,  kg/ll  ter  at  a  5:  1;  6)  combustion  temperature,  7) 
*vnt  molecular  weiglit  of  combustion  products;  8)  specif ic  thrust; 

1'  :tec/kg;  10)  kg  sec/liter;  11)  nitric  acid  {9B^  concentratltir } : 
ri  \3'Ogen  tetroxide;  I3)  tetranitro-  [Key  continued  on  next  . 


[Continuation  of  Key  to  Table  l88J  methane;  l4)  liquid  oxygen;  15)  the 
same;  l6)  kerosene;  17)  ethyl  alcohol,  93*5^  concentration* 

TABLE,  189  . 

Physical- Chemical  Properties  of  Certain  Alcohols  as  Compared  with 
Kerosene 
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CjUsOH 
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CiUtOH 
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0.7813 

0.780 

0.810 
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0,ei7 

0.804 

0.818 

0.817 

0.827 
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1770 

2020 

2210 
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2210 

2220 
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1)  Alcohol;  2)  formula;  3)  molecular 
melting  point  °C;  6)  heat  capacity  (at 

latent  heat  of  vaporization,  kcal/kg;.  8)  density. 


weight;  4)  boiling  point,  °C;  5) 
,t  20  -  25  ),  kcal/kg  degree;  7) 

/^\  «• _ _ *J_  __  ^  20  _  r\  \  ^  ^ 


combustion,  kcal/kg;.  10)  methyl;  ll)  ethyl;  12) 
14)  butyl;  15)  amyl;,  16)  hexyl;  1?)  heptyl;  lo) 
20)  average;  21)  below. 


h  i  9)  heat  of- 
prolyl;  13)  isopropyl; 
octyl;  19)  kerosene; 


are  used  as  combustibles  in  many  countries  for  various  rocket-powered 
flying  craft. 

The  presence  of  oxygen  atoms  in  the  alcohol  molecule  can  be  con- 
sidex*ed  to  be  partial  combustion  of  the  combustible  elements  in  these 
confounds,  Ihus  the  heat  of  combustion  is  lower  for  alcohols  than  for 
hydrocarbons.  As  a  result,  lower  temperature  is  produced  when  alcohols 
are  burnt,  and  this  simplifies  the  design  of  reliably  operating  engines 
In  addition,  alcohols  have  a  greater  heat  capacity  and  latent  heat 
of  vaporisation  than  do  petroleum  products  (Table  169).  IMs  fact, 
as  well  as  the  high  relative  percentage  of  alcohol  contained  in  the 
final  Itiel  mixtuiNas  (up  to  40  -  50^),  malce  it  possible  to  use  alco¬ 
hols  successfully  to  cool  the  moter-chaaber  walls.  The  quite  large 
proportion  of  the  fuel  mix tui'e  formed  by  alcohols  improves  conditions 
for  mixing  of  the  alcohol  and  oxidizer  in  the  combustion  chamber,  and 
provi  des  a  high  degree  of  coa&ustlon  efficiency. 
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Fig.  248.  Design  charac¬ 
teristics  of  ZhRD  using 
gasoline  and  liquid  oxy¬ 
gen.  =  21  kg/cm^; 

Pl/Pg  =  20. 4 j  l)  Molecu¬ 
lar  weight;  2)  specific 
thrust;  3)  K  =  Cp/C^; 

4)  temperature;  5)  com¬ 
bustion  temperature,  °C; 

6)  specific  thrust,  kg 
sec/kg;  7)  molecular 
weight  of  gases;  8) 
weight  ratio  of  oxidizer 
to  combustible  In  mixture. 


Pig.  249.  Variation  In  Ignition 
lag  of  alcohols  mixed  with  air 
as  a  function  of  temperature. 
Alcohols:  1)  methyl;  2)  ethyl; 
3)  n-propyl;  4)  n-butyl;  5) 
n-amyl;  6)  n- hexyl;  7;  n-decyl; 
B)  T,  m/secT  ^ 


'Ehe  lower  combustion  ten5)erature 
of  alcohols  causes  a  lower  loss  of  heat 
owing  to  dissociation  of  combustion  pro¬ 
ducts  than  Is  the  case  for  hydrocarbons; 


thus  In  the  last  analysis  alcohols  are  In  no  way  inferior  to  hydro¬ 


carbons  in  efficiency. 


The  various  alcohols  of  normal  structure  differ  relatively  little 
with  respect  to  the  Ignition  lag  [17J.  A  decrease  In  Ignition  lag 
with  lnci*easlng  alcohol  molecular  weight  can  be  noted  (Fig.  249). 

'Xlie  higher  alcohols  have  greater  density  and  a  hlglier  boiling 
point  than  the  lower  alcohols  (Table  189);  the  lower  monobasic  alco- 
j"*  ^  -  methyl  and  ethyl  alcohols  and  their  mixtures  —  find  the  great- 
.  .  .ji'iictlcal  application  as  combustibles,  however,  since  they  are  the* 


’ !  C  S  t  and  are  supplied  by  the  broadest  Industrial  base 


The  relatively  high  boiling  points  and  low  freezing  points  of 

alcohols  make  It  possible  to "use  them  over  a  wide  range  of  operating 

temperatures.  Alcohols,  as  In  the  case  of  hydrocarbons,  are  character- 

« 

ized  by  negligible  corrosive  activity  with  respect  to  metals.  Thus, 
tanks  and  fuel  apparatus  of  an  engine  are  made  from  common  readily 
available  and  inexpensive  materials.  The  good  operating  qualities, 
relatively  low  combustion  temperature,  high  combustion  stability,  and 
good  cooling  ability  were  responsible  for  the  choice  of  alcohols  as 
combustibles  in  the  early  period  of  development  of  ZhRD.  Owing  to  the 
fact  that  alcohols  dissolve  well  In  water,  it  is  possible  to  use 
aqueous  solutions  of  alcohols  In-various  concentrations  as  combustibles 
TABLE  190 

Characteristics  of  Fuels  Based  on  Ethyl  Alcohol 
and  Liquid  Oxygen  [18] 
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75.80 
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2280 

1,0 

♦The  relative  amounts  of  heat  required  to  heat 
the  combustible  from  20°  to  the  boiling  point  with 
complete  vaporization. 

l)  Alcohol  concentration.  2)  fuel  composition, 

3)  oxygen;  4)  alcohol;  5)  heat  of  combustion  kcal/kg; 
6)  cooling  characteristics*;  7)  toluene. 


The  dilution  of  alcohols  with  water  on  the  one  hand  decreases  the 
heat  of  combustion  (Pig.  250)  and  the  fuel  combustion  temperature, 
and  on  the  other  hand  raises  the  heat  capacity  and  thermal  conducti¬ 
vity;  there  Is  consequently  an  improvement  of  the  cooling  ability  of 
the  combustible  (Table  190). 

In  tho  ZhRD  for  the  German  V-2  rocket,  a  755f  aqueous  solution 
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Pig.  250.  Heat  of  combus¬ 
tion  of  ethyl  and  methyl 
alcohol  as  a  function  of 
concentration,  l)  N,  kcal/ 
/kg. 
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Pig.  251.  Physical  proper¬ 
ties  of  metl^l  alcohol. 
y)  Specific  gravltyj  n) 
viscosity;  t^)  boiling 

point;  1)  7i  g/cm^j  2) 
n,  centlpolses;  3)  concen¬ 
tration. 


of  ethyl  alcohol  was  used  as  the  combus¬ 
tible. 

Alcohols  are  not  hypergolic  in  com¬ 
bination  with  liquid  oxygen  or  hydrogen 
peroxide.  A  special  igniter  is  needed  to 

i 

start  a  motor  using  an  alcohol  combusti¬ 
ble.  Alcohols  find  almost  no  application 
in  combinations  using  nitric  acid  oxidi¬ 
zers. 

Despite  their  relatively  low  heat 
of  combustion^  alcohols  have  so  far  not 
lost  their  importance  as  rocket  coibbus- 
tlblesj  owing  to  other  positive  proper¬ 
ties  and  advantages  (they  are  used  in  the 
ZhRD  in  the  United  States  Redstone  and 
Viking  rockets^  and  others);  alcohols 
will  clearly  not  be  widely  used  in  the 
future I  since  the  use  of  hydrocarbon 
combustibles  has  been  mastered  oucoess- 
fully. 

Methyl  Alcohol  (Wood  Alcohol,  Methanol. 
Carbinol ) 


tration.  Methyl  alcohol  is  a  colorless 

transparent  low-viscosity  liquid  with  a  characteristic  alcohol  odor 
resembling  the  odor  of  ethyl  alcohol. 

Plgure  251  shows  some  physical  properties  of  methyl  alcohol. 
t>bthyl  alcohol  bums  with  a  bright-blue  sootless  flame.  Vapors 
of  methyl  alcohol  form  a  mixture  with  air  that  is  easily  ignited  by 
a  spark. 


Methyl  alcohol  is  obtained  by  dry  distillation  of  wood,  or  synthetic¬ 
ally.  This  latter  process  is  based  upon  the  reduction  of  carbon  monox¬ 
ide  by  hydrogen  at  a  temperature  of  200  —  300®  and  a  pressure  of  150  - 
600  atm  in  the  presence  of  zinc  oxide  or  other  catalysts. 

Methyl  alcohol  is  widely  used  in  various  branches  of  teohnology. 
It  is  not  a  complicated  substance  to  produce,  and  thus  it  is  a  readily 
avallablf.  combustible. 

Methyl  alcohol,  which  is  Inferior  to  ethyl  alcohol  with  respect 
to  energy  characteristics,  is  employed  as  a  combustible  in  low-power 
ZhRD  (for  example  in  the  English  Sea  Slug  guided  antiaircraft  missile), 
and  also  as  a  substitute  for  ethyl  alcohol.  It  can  also  be  used  in  a 
mixture  with  ethyl  alcohol. 

Methyl  alcohol  has  a  strong  effect  on  the  nervous  and  vascular 
systems.  Its  poisonous  characteristics  appear  most  sharply  when  taken 
Internally,  but  toxic  effects  can  also  appear  when  the  vapors  are 
breathed,  or  when  the  liquid  alcohol  or  its  vapors  act  on  the  skin. 
VIhen  taken  internally  in  small  doses,  methyl  alcohol  damages  the  optic 
nerve,  leading  to  total  blindness,  wlille  in  large  doses  it  causes 
death. 

In  working  with  methyl  alcohol  it  is  necessary  to  observe  pre¬ 
cautionary  measures. 

Ethyl  Alcohol  (Spirit  of  Wine,  Ethanol) 

Ethyl  alcohol  resembles  methyl  alcohol  in  appearance  and  odor. 

Ihe  boiling  point  of  pure  ethyl  alcohol  is  7S. 3°  and  Its  density  at 

20°  is  0.7893. 

Ihe  vai'iatiwii  Xu  the  physical  properties  of  ethyl  alcohol  with 
temperatui'o  changes  is  shown  in  Fig.  252. 

Ethyl  alcohol  has  a  large  volume  coefficient  of  expansion,  equal 
to  0.001  at  20°;  it  thus  changes  its  volume  and  density  sharply  with 
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a  variation  In  temperature. 


tt.o 

tl5 

(^0% 
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Ethyl  alcohol  Is  hygroscopic. . 
Ihe  hygroscoplclty  of  the  alcohol 
rises  with  temperature  and  with  re¬ 
lative  humidity.  Ethyl  alcohol  mixes 
with  water  In  any  proportions. 

When  the  alcohol  Is  mixed  with 


Pig.  252.  Physical  properties 
of  pure  ethyl  alcohol  at  var¬ 
ious  temperatures  (atmospheric 
pressure;,  y.)  Specific  gravity; 
T))  viscosity;  C;  heat  capacity; 
p)  vapor  pressure;  l)  C,  cal/g 
degree;  2;  P,  mm  Hg;  3)  temper-, 
ature,  ®C;  4;  y,  g/cm3;  5)  n, 
rallllpolses. 


water  there  Is  a  decrease  In  the  mix 
ture  volume  owing  to  hydration  (for¬ 
mation  of  hydrates  Cgl^OH'nHgO).  The 
decrease  In  volume  depends  upon  the 
proportions  In  which  the  alcohol  and 


TABLE  191 

Decrease  In  Total  Volume  of  Ethyl  Alcohol  and 
Water  when  Mixed  (Temperature  of  20°) 
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Ij  Taken  for  mixing;  2)  absolute  alcohol,  liters; 
3)  water,  liters;  4)  decrease  In  total  volume 
upon  mixing,  liters. 


water  are  mixed,  and  is  characterized  by  the  data  shown* in  Table  191* 

The  volume  drops  most  when  60  parts  of  alcohol  by  volume  is  mixed 

with  40  parte  of  water  by  volume.  If  nixing  oooura  at  20^,  we  obtain 

cnly  96. 313  parts  by  volume  of  mixture  In  place  of  the  100  parts  by 

* 

volume  of  alcohol  and  water. 

Ethyl  alcohol  has  a  very  low  freezing  point:  —114°.  When  the  al- 


[•IfTr 


TABLE  192 


Freezing  Points  of  Aqueous  Solutions  of  Alc( - 
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1)  Alcohol  content,  ^  by  weight;  2)  freezing 
point,  ^C. 

cohol  Is  diluted  with  water,  the  freezing  point  of  the  alcohol  so» 
lutlons  rises  (Table  192). 

Ethyl  alcohol  Is  easly  Ignited  and  biu^ns  with  a  blue  dim  flame. 
Ihe  vapors  of  the  alcohol  form  e;qploslve  mixtures  with  air  over  a 
broad  range  of  concentrations.  The  self Ignition  temperature  of  the 
alcohol  In  air  Is  510®. 

Ethyl  alcohol  Is  obtained  industrially  by  the  alcohol  fermenta¬ 
tion  of  substances  containing  hydrocarbons  (grain,  potatoes,  beets, 
etc).  The  synthetic  production  of  ethyl  alcohol  has  expanded  quickly 
in  recent  yeai's.  The  raw  materials  used  to  produce  synthetic  ethyl 
alcohol  are  petroleum-refinery  gases  containing  ethylene,  sawmill 
wastes  (sawdust,  cliips,  etc. },  and  cellulose-industry  wastes  (sul¬ 
fite  alkalis). 

There  ai^  two  methods  by  which  ethyl  alcohol  can  be  obtained 
from  poti'oleum  gases: 


hydration  of  ethylene  by  water  vapor  at  high  pressures  and 
ten^eraturcs  in  the  pi'osencc  of  a  catalyst  based  upon  phosphoric  acid: 


reaction  of  ethylene  with  concentrated  sulfuric  acid  vilth  the 
formation  of  ethyl  sulfate. 

C3,H,+HOSO,OH  C,H,08O,OH 

and  subsequent  hydration  of  the  ethyl  sulfate  by  water 

C,H*OSO,OH+H,0  C,H,0H+K,Sb4. 

Ethyl  alcohol  Is  obtained  from  wood  by  hydrolysis  of  the  wood  at 
high  temperature  In  the  presence  of  a  catalyst  (mineral  acid).  Here 
^  polysaccharides  of  the  wood  are  converted 
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Pig.  253»  Design  oharac- 
texdstlos  of  ZhRD  using 
liquid  oxygen  and 
ethyl  alcohol,  «  14 

Vc/^v?i  P^/Pg  =*  13*  6. 

1)  Teinnerature;  2) 

K  «  Cp/C^;  3)  molecular 

weight;  4)  specific 
thinist;  3}  combustion 
temperature  ®Cj  6)  sm- 
cifio  thrust,  kg  sec/kg; 
T)  molecular  weight  of 
8)  wci^it  proper- 
Isors  or  oxidizer  to  com- 
bustiblc  in  mixture. 


to  very  simple  sugars,  which  are  then 
fermented  into  the  alcohol. 

Ihe  unrefined  raw  alcohol  contains 
a  large  quantity  of  various  Impurities 
that  Impart  an  uipleasant  odor  to  It, 
are  responsible  for  metal  corrosion,  and 
also  have  a  harmful  effect  upon  the 
human  organism,  llhus,  the  raw  alcohol 
cannot  be  used  as  a  ooisbustlble.  Re¬ 
fined  ethyl  alcohol  Is  used  for  this 
purpose.  It  Is  obtained  by  fractional 
distillation  (rectification)  of  the  raw 
alcohol;  during  this  process,  the  harm¬ 
ful  impurities  are  removed,  and  thw»  cor^- 
tent  of  absolute  alcohol  in  the  product 
is  Increased. 

Botli  pure  ethyl  alcoliol,  rectified 
with  a  strength  of  92  -  by  wei^t, 
and  its  aqueous  solutions  are  used  as 


rsDukct  combustibles.  Ihe  addition  of  water  to  the  a?.cohol,  as  we  have 


already  noted,  decreases  the  combustion  temperature  and  sinmltaneously 


s’C/s' 


Improves  the  cooling  properties  of  the  combustible.  Aqueous  solutions 
of  ethyl  alcohol  are  characterized  by  Increased  corrosion  activity 
with  respect  to  metals,  especially  the  low-carbon  steels.  Various 
corrosion  Inhibitors  are  added  In  order  to  prevent  corrosion. 

Figure  253  shows  design  oharaoterlstlos  for  ZhRD  using  ethyl 
alcohol  and  liquid  oxygen  [9]. 

Ethyl  alcohol  is  stored  In  clean  steel  tanks,  drums,  and  con¬ 
tainers.  With  proper  storage.  Its  properties  are  unchanged  over  a 
very  long  time  span. 

Ethyl  alcohol  'Cannot  be  stored  In  a  galvanized  container,  since 
It  reacts  with  the  zinc  coating.  In  this  case,  a  large  quantity  of 
amorphous  precipitate  flakes  of  white  color  are  formed  in  the  alcohol 
(zlncates).  Ihe  alcohol  becomes  cloudy  and  Is  unsuitable  for  use. 

When  stored  for  extended  periods  of  time  In  tanks,  the  alcohol 
may  separate  into  layers:  the  upper  layers  will  contain  stronger  al¬ 
cohol  and  the  lower  layers  weaker  alcohol.  The  difference  In  the 
strength  of  the  alcohol  in  the  lower  and  upper  layers  of  the  tank 
will  Increase  with  the  strength  of  the  alcohol. 

In  the  practical  utilization  of  alcohol-base  combustibles.  It  Is 
very  lo^jortant  to  be  able  to  distinguish  ethyl  alcohol  from  methyl 
alcohol.  Ihere  exist  two  single  qualitative  reactions  that  may  be  used 
to  distinguish  these  two  alcohols  rapidly. 

1,  When  the  alcohols  are  x^acted  with  vanillin  (C^HgO^)  In  the 
presence  of  suli\irlc  acid,  compounds  are  formed  that  give  different 
colors  to  the  solution. 

Ihe  reaction  is  performed  as  follows. 

m  1  ml  of  the  alcohol  being  tested,  we  add  some  crystals  of 
vanillin,  and  carefully  pour  2  ml  of  concentrated  sulfuric  acid 
(specific  gravity  1.84}  down  the  wall  of  the  test  tube.  With  vanillin 
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and  sulluplo  acid,  ethyl  alcohol  forms  a  compound  that  colors  the 
solution  a  gold- yellow  that  turns  green  when  allowed  to  stand  for 
some  length  of  time*  With  methyl  alcohol,  the  solution  acquires  a 
thick  rose-colored  layer  which  gradually  turns  red  when  allowed  to 
stand.  Ihe  alcohol  has  a  green  hue  In  a  thin  layer. 

It  is  possible  to  use  for  this  reaction  ordinary  crystalline 
vanillin  of  the  sort  used  for  household  puiTposes. 

2.  When  Iodine  reacts  with  ethyl  alcohol  In  alkali  solutions, 
iodoform  Is  formed  as  yellow  crystals  which  have  a  characteristic 
odor.  This  forms  the  basis  for  a  qualitative  reaction  for  ethyl  al¬ 
cohol  that  may  be  used  to  find  whether  the  alcohol  concentration  In  a 
solution  Is  at  least  0.05^  The  equation  for  the  chemical  reaction 
uaklng  place  can  be  represented  as  follows: 

C|H«OH+4Jt+6NaOU  =»  CHJ,+HC0ONa-fSH,O-i-^4l. 

i 

The  qualitative  reaction  for  ethyl  alcohol  Is  performed  as 
follows. 

Several  oiystals  of  Iodine  are  dissolved  in  1  -  2  ml  of  the  alco¬ 
hol  being  tested  until  a  dark  brown  color  Is  obtained,  jstext  a  weak 
solution  of  sodium  hydroxide  Is  obtained  until  the  color  vanishes, 
the  solution  is  heated  sUg^itly  and  allowed  to  stand.  If  ethyl  alco¬ 
hol  Is  present,  the  characteristic  yellow  crystalline  precipitate  of 
iodoform  will  appear  Immediately  or  ai'ter  the  solution  has  stood  for 
a  short  time. 

Ko  precipitate  forms  in  the  presence  of  methyl  alcohol. 

An  aqueous  solution  of  Iodine  may  be  ss^^loyed  in  place  of  crye- 
talline  iodine  for  the  reaction. 

COKBUSTIBI^S 

In  the  design  of  2hRp,  a  great  deal  of  attention  la  paid  to  pro- 


vlcllng  reliable  engine  starting.  Ill-timed  supply  of  combustible  or 
oxidizer  to  the  combustion  chamber^  or  a  great  Ignition  lag  can  lead 
to  an  explosion  and  destruction  of  the  engine.  Ihe  problem  of  design¬ 
ing  a  reliably  operating  engine  Is  successfully  solved  if  a  combustible 
that  forms  a  hypergollc  mlxtitre  with  a  given  oxidizer  Is  used^  and 
the  resulting  mixture  has  a  short  Ignition  lag. 

An  advantage  of  hypergollc  fuels  also  lies  In  the  fact  that  their 
use  simplifies  the  engine  starting  system,  since  in  this  case  there 
is  no  need  for  a  special  device  for  Ignition.  In  the  working  regime, 
such  fuels  burn  more  stably,  with  fewer  pulsations  and  vibrations 
tha.t  forced-ignition  fuels.  A  drawback  to  hypergollc  fuels  Is  the 
great  fire  hazard  that  they  present. 

The  basic  quantity  characterizing  the  quality  of  hypergollc  fuels 
Is  the  ignition  lag  For  safe  starting  of  a  motor,  t  should  be  as 
small  as  possible,  and  In  any  case  should  not  exceed  0.03  [2], 

A  large  number  of  formulas  for  combustibles  that  form  hvpergoHo 
mixtures  with  nitric  acid  have  been  created  on  the  bases  of  the 
amino  compounds. 

The  name  amino  compounds  or  amines  Is  given  to  ammonia  derivatives 
in  which  one  or  several  hydrogen  atoms  in  the  asolecule  have  been 
replaced  by  hydrocarbon  radicals.  In  their  chemical  compositions  the 
aliphatic  amines  ai'e  very  similar  to  ammonia.  jRiey  have  the  properties 
of  weak  bases.  Aqueous  solutions  of  the  aliphatic  series  yield  an 
alkali  reaction,  since  the  aliphatic  amines  fom  bases  with  water 
similar  to  an  ammonium  hydroxide,  for  exanfile ; 

The  aromatic  amines  are  weaker  bases,  and  their  aqueous  solutions 
show  almost  no  alkali  reaction. 

Amines  combine  with  mineral  acids  to  yield  salts  that  are  quite 


soluble  in  water, 


The  amines  are  considered  to  be  among  the  best  combustibles  for 
ZhRD,  They  possess  several  positive  characteristics:  low  ignition 
point,  high  gas  evolution,  relatively  high  density,  a  broad  range  of 
concentrations  for  ignition,  a  short  ignition  lag.  The  good  igniti- 
bility  and  high  combustion  stability  are  responsible  for  the  very 
wide  utilization  of  amines  as  combustibles  for  ZhRD,  despite  their 
relatively  high  cost.  As  a  rule,  monoamines  are  used  for  this  purpose. 

The  first  representatives  of  the  monoamines  in  aliphatic  series  — 
methylamine.s,  dime  thy  lamlnes,  and  trimethylamlnes  —  are  gases  at  the 
normal  temperature  of  the  material.  As  the  chains  of  hydrocarbon 
atoms  grow  longer,  there  is  a  regular  increase  in  boiling  point  of  the 
amines.  When  we  reach  the  ethylam?*"":s,  we  find  that  they  are  liquids 
at  normal  temperatures.  The  amines  have  a  distinctive  sharp  unpleasant 
odor  and  are  soluble  in  water.  The  higher  amino ;>  are  solids  that  are 
odorless  water-insoluble  substances. 

The  monoamines  of  the  aromatic  series  in  pure  form  are  hlgh-boil- 
Ing  liquids  or  solids  with  a  distinctive  odor. 

As  a  rule,  the  amines  react  very  vigorously  with  nitric  acid  to 
liberate  a  large  amount  of  heat,  and  in  many  cases  the  reaction  Is 
accompanied  by  ignition  of  the  vapor  products  formed.  The  intensity 
of  the  reaction  and  the  ability  of  the  amines  to  ignite  spontaneously 
with  nitric  acid  depend  both  upon  the  molecular  weight  arid  upon  the 
molecular  structure  of  the  amines  [20  -  21], 

The  primary  unbranched  aliphatic  amines  (up  to  5  carbons  atoms 
in  the  chain)  form  a  hypergollo  mixture  with  nitric  acid;  the  ability 
to  ignite  spontaneov sly  increases  with  Increasing  chain  length  in 
the  homologous  series  of  simlnes. 

The  replacement  of  hydrogen  in  a  hydi.x)carbon  chain  by  a  methyl 


or  othyl  radical  In  the  a  position  improves  the  ability  of  amines  to 
Ignite  spontaneously.  As  in  the  preceding  case,  the  ignition  lag 
drops  as  we  go  from  Isopropylamine  to  Isohexylamlne.  Amines  with  a 
branched  hydrocarbon  chain  containing  7  or  more  hydrogen  atoms  do  not 
form  hypei’golic  combinations  with  nitric  acid. 

The  replacement  of  the  hydrogen  in  a  hydrocarbon  chain  by  a 
methyl  group  in  the  ^  position  decreases  the  tendency  of  the  amines 
to  spontaneous  ignition.  The  replacement  of  hydrogen  by  a  hydroxyl, 
phenyl,  or  amino  radical  increases  the  tendency  toward  selfignition. 

Secondary  symmetric  aliphatic  amines  vi  ':h  unbranched  chains 
form  a  hypergolic  combination  with  nitric  acid  where  up  to  10  hydro¬ 
gen  atoms  are  contained  in  the  molecule.  Ihe  ignition  lag  decreases 
as  wo  go  from  dlethylamine  to  diamylamine,  and  is  lower  in  magnitude 
than  the  value  for  the  corresponding  primary  amine. 

The  effect  of  secondary-amine  structural  branching  is  essentially 
the  same  as  in  the  case  of  the  primary  amines:  replacement  of  hydrogen 
by  a  methyl  radical  in  the  a  position  deci*eases  the  ignition  lagj 
substitution  in  the  S  position  increases  the  lag. 

Of  the  tertiary  aliphatic  amines,  trlethyl-,  trlpropyl-,  and 
tributylamines  fom  a  very  hypergolic  mixture  with  nitric  acid.  Amines 
possessing  a  large  number  of  hyoi'ocarbon  atoms  do  not  ignite  spon¬ 
taneous:!  y  with  nitric  acid. 

The  tendency  of  aliphatic  monoamines  to  ignite  spontaneously 
with  nitric  acid  Is  Increased  as  we  go  from  the  primary  to  the  ter¬ 
tiary  amines.  This  is  evidently  connected  with  the  increase  in  amine 
basicity,  which  Is  greater  for  the  tertiary  amines  than  for  the 
pilmary  amines, 

Ihe  ignition  lag  for  the  aromatic  amines  depends  upon  the  posi¬ 
tion  of  the  side  chains  in  the  ring.  Of  the  three  tolul dines,  only 
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Fig.  254.  Effect  of  vol- 
■ujnetric  ratio  of  oxidi¬ 
zer  and  combustible  on 
ignition  lag.  l)  Aniline; 

2)  dlethylanlllne;  3) 
methylanillne;  4)  igni¬ 
tion  lag,  milliseconds; 

5)  volumetric  ratio  of 
oxidizer  and  combusti¬ 
ble. 

methyl  radicals  is  of  g?^at  Importance  for  the  xylldlnes;  1,  3#  2- 
and  1,  Zi  4-  xylldlnes  have  a  shorter  ignition  lag  than  1,  2,  3-  xy- 
lldlne. 

Mesldine,  which  has  three  methyl  radicals  does  not  react  with 
nitric  acid. 

The  primary  aromatic  amines  form  better  hypergolic  mixtures  with 
nitric  acid  than  do  the  secondary  or  tertiary  forms.  Ihe  concentration 
of  nitric  acid  has  a  considerable  effect  upon  the  ignition  lag, 
especially  for  low-activity  substances,  as  does  the  oxidizer-combus- 
tiblo  I’atlo  (fig.  254). 

li/liere  there  is  a  considerable  undersupply  of  oxidizer,  ignition 
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Fig.  255.  Ignition  lag  as  a  func¬ 
tion  of  temperature,  l)  Aniline; 

2)  furfurvl  alcohol  (80^)  +  aniline 
(20^);  3;  ignition  lag.  millise¬ 

conds;  4;  temperature,  °C. 


ortho tolui dine  Ignites  spontaneously 
with  nitric  acid.  The  position  of  the 


is  sluggish,  and  the  ignition  lag  is  great.  Increasing  the  quantity 
of  oxidizer  to  a  specified  limit  facilitates  acceleration  of  the 


I 

ho 


> 

n:: 

1  tf  0  iO  60  io  1600,% 

5  m  io  80  00  20  0  aS 


0  20  00  60  80  IOOM,% 
WO  80  60  00  20  0  At% 


I 

00 

l.»l 


s  , 

/ 

~~ 

NS- 

0  20  00  60  80  /eO0,% 
m  80  60  00  20  0  H,% 

fig.  256.  Ignition  lag  for 
combinations  of  combustibles 
with  concentrated  nitric  acid 
as  a  function  of  coiig)ositlon. 
A)  Aniline j  F)  furfuryl  alco¬ 
hol;  M)  methylpyrrolldlne; 

1}  Ignition  lag«  milliseconds; 
2)  F. 


reaction;  too  great  an  excess  of  ox¬ 
idizer  leads  to  an  Increase  in  the 
ignition  lag. 

A  drop  in  fuel  ten^erature  de- 
ore&sas  the  reaotlon  rate  and  In¬ 
creases  the  viscosity  of  the  compo¬ 
nents,  impairing  mixing  conditions. 

As  a  result,  an  lnc2?ease  in  the  ig¬ 
nition  lag  is  observed  (fig.  255). 

Qhe  degree  of  variation  in  t  with 
ten5)erature  is  not  the  same  for  dif¬ 
ferent  amines. 

Bie  activity  of  amines  in  reac¬ 
tion  with  nitric  acid  may  be  increas¬ 
ed  with  the  aid  of  oxidation  cata¬ 
lysts;  as  a  rule  salts  of  metals 
with  varying  valence  (ferric  chlo¬ 


ride,  iron  rdtrate,  salts  of  high-molecular-weight  organic  acids)  are 
used  for  this  purpose. 

The  agents  of  catalytic  activity  are  the  metal  cations  [16,  19, 

22]. 


The  aix)matlc  amines  ajoe  characterized  by  high  sensitivity  to  the 
action  of  oxidation  catalysts.  Oie  aliphatic  amines  are  Insensitive 
to  this  effect. 

The  Ignition  lag  of  amines  with  nitric  acid  may  be  decreased  by 
adding  sulfuric  acid  to  tlie  latter.  Suli’uric  acid,  which  is  a  stronger 
acid  than  nitric  acid,  increases  the  heat  of  reaction  with  the  amines, 
and  thus  ignition  occurs  more  easily. 
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51g«  257,  Design  character¬ 
istics  of  ZhRD  operating 
with  aniline  and  fuming  red 
nitric  (155^  NgO^).  =  21 

kg/cm^j  P^/Pg  =  20.4;  l) 

Temperature;  2)  K  =  C  /C^; 

3)  molecular  weight;  4) 
specific  thrust;  5)  combus¬ 
tion  temperature,  ®C;  6) 
specific  thrust,  kg  sec/kg; 
7;  weight  ratio  of  oxidizer 
to  combustible  in  mixture; 
8)  molecular  weight  of  gan- 
es. 


tions  are  used. 


Combustible  ignition  c2Ln  be  im¬ 
proved  by  the  creation  of  multicomponent 
systems.  Figure  256  shows  the  way  in 
which  the  ignition  lag  of  various  com¬ 
bustibles  with  nitric  acid  depends  upon 
the  mixture  con^osition  [I8].  As  the 
figure  shows,  the  ignition  lag  of  the 
mixtures  varies  nonadditlvely.  A  spec¬ 
ific  mixture  composition  corresponds  to 
a  minimum  value  for  t.  Thus,  for  exaimple, 
for  the  mixture  containing  40^  aniline 
and  60}^  furfuryl  alcohol,  the  ignition 
lag  is  0.008  sec,  while  for  the  pure 
products,  it  is  0.06  and  O.OI8  sec  res¬ 
pectively. 

A  combustible  forming  hiypergollo 
mixtures  can  be  employed  in  ZhFD  as  a 
basic  type  of  combustible  or  as  an 
auxiliary  substance,  to  ignite  the  mix¬ 
ture  when  nonhypergolic  fuel  comblna- 


Aniline,  triethylamine,  and  xylidine  find  the.  widest  practical 
application  as  combustibles. 

Aniline 

In  the  pure  form,  anilii^  is  a  colorless  oily  easily  oxidized 
liquid  tlmt  turns  dark  \ipon  standing,  especially  in  the  light.  Tech¬ 


nical-grade  aniline  is  called  aniline  oil.  Oie  boiling  point  of  aniline 
is  184.4®,  the  freezing -6. 2®.  Aniline  has  the  relatively  high  density 
of  1.024  g/cm'^  at  20®.  It  is  a  poison.  As  do  all  aromatic  amines. 


aniline  has  the  properties  of  a  weak  base  and  yields  salts  with  mineral 
acids. 


Aniline  is  one  of  the  Important  products  of  the  aniline  dye  In¬ 
dustry. 

At  the  present  time,  aniline  Is  obtained  from  nitrobenzene  by 
reduction  of  the  nltro  group  to  the  amino  radical  in  a  hydrochloric 
medium  In  the  presence  of  a  catalyst,  axid  from  chlorobenzene  by  sub¬ 
stitution  of  an  amino  radical  for  the  chlorine  atom. 

In  conjunction  with  nitric  acid-base  oxidizers,  aniline  Is  used 
as  a  hypergollc  combustible  In  many  American  rockets  (Corporal,  Vamp¬ 
ire,  Aerobee  (second  stage),  Nike  (second  stage))  [1]. 

Purfuryl  alcohol  is  sometimes  added  to  aniline  In  order  to  lower 
the  freezing  point;  this  also  Improves  ability  to  ignite  spontaneous¬ 
ly  upon  contact  with  nitric  acid,  and  In  almost  no  way  impairs  the 
operating  characteristics  of  the  fuel.  A  mixture  of  aniline  with 
furfuryl  alcohol  is  used  as  the  starting  combustible  (specification 
MPI>-229A)  for  the  American  Nike- Ajax  rocket. 

The  design  characteristics  of  a  ZhPlD  using  aniline  and  nitric 
acid,  after  Satton,  are  shown  In  Fig.  257  [9]. 

Tplethylamlne 

Trlethylamlne  is  a  transparent  mobile  light-yellow  liquid.  Its 
density  at  20*^  is  0.728,  its  boiling  point  90°.  The  freezing  point  of 
trlethylamlne  is  very  low  (—115°).  Triethyiamlne  Is  very  irritating 
to  the  central  nervous  system.  It  is  normally  mixed  with  xylidlne 
when  used  as  a  combustible. 

Xylldl ne  ( Aminoxylol ) 

Xylidlne  is  a  high-boiling  oily  transparent  liquid  ranging  In 
color  i'i’om  yellow  to  light  brown;  it  Is  lighter  than  water  (its  den¬ 
sity  is  0.978  at  20°).  The  boiling  point  of  jQrlldlne  is  very  high 


(216°),  and  its  freezing  point  Is  -5^°.  It  Is  widely  exuployed  In  our 
Industry  for  the  production  of  azo  dyes. 

Hie  starting  product  for  the  production  of  xylldlne  Is  technical 
xylol,  which  Is  a  mixture  of  meta-,  ortho-,  and  paralsomers.  Nitra¬ 
tion  of  xylol  produces  technical  nltioxylol,  which  is  a  mixture  of 
various  Isomer  products. 

Technical  nltroxylol  is  reduced  with  the  aid  of  Iron  filings 
to  xylldene  in  a  hydrochloric  medium.  Technical  xylldene  Is  subjected 
to  refining. 

When  mixed  with  trlethylamine,  xylldene  may  be  used  as  a  hyper- 
golic  combustible  In  conjxmction  with  nitric  acid-base  oxidizers. 

The  most  common  mixture  consist''  of  50^  trlethylamine  and  50^  xylldene 
This  mixture  was  employed  in  many  German  ZhRD  during  the  Second  World 
War  under  the  name  Tonka-250.  It  has  a  very  nearly  optimum  coii5)osltlon 
that  provides  a  minimum  ignition  lag.  Certain  physical  constants  for 
a'onka-250  combustible  at  various  ten^eratures  and  design  data  for  the 
specific  thrust  ZhRD  are  shown  in  Figs.  258  and  259* 
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Mg.  258.  Physical  properties 
or  'fonlca-250  combustible  as  a 
function  of  temperature  (ab- 
pressure  p)  density 
li.  kj/literj  C)  heat  capacity 
'  ‘‘ccii/kg  v}  kinematic 
'■  :"o.>  ilty  in 
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Fig.  259,  Theoretical  specific 
thrust  of  ZhRD  (R^j)  as  a  func¬ 
tion  of  combustion- chamber  pres¬ 
sure  (Pk);  1)  Tonka-250  +  (oOjS 
HNOo  +  20^  2)  kerosene  + 

“  +  (80^  HNO^  +  20^  N.,0^)  [62];  (pres 

aui^e  of  gases  in  output  section  of 
1  atm,  excess-oxidizer  factor  u  •• 
0,8)j  1)  kg  sec/kc;  2) 


A  general  drawback  to  amine-base  combustibles  is  their  relatively 
high  cost  and  scarcity. 

In  order  to  increase  the  i*esources  for  hypergolic  combustibles, 
they  are  sometimes  mixed  with  petixjleum  products  or  other  nonhyper- 
golic  combustibles  [18].  VOien  mixed  with  an  oxidizer,  the  hypergolic 
component  is  an  ignition  initiator. 

In  many  cases,  an  amine-base  hypergolic  combustible  is  used  not 
as  the  main  combustible,  but  as  an  auxiliary  fuel  to  Ignite  the  fuel 
in  chemical-ignition  systems. 

Ammonia 

Liquid  ammonia  can  be  used  as  a  combustible  for  ZhRD.  Its  heat 
of  combustion  with  liquid  oxygen  (l640  kcal/kg)  is  lower,  for  exanqple, 
then  that  of  hydrocarbon  combustibles.  But  when  it  is  burnt  with 
oxygen,  almost  the  same  specific  thrust  is  obtained  as  when  kerosene 
is  burnt  with  oxygen.  The  coiribustlon  tenperature  of  ammonia  is  slightly 
lower  than  that  obtained  upon  combustion  of  hydrocarbon  combustibles. 

Liquid  ammonia  with  liquid  fluorine  as  the  oxidizer  is  a  very 
good  combination.  Such  a  fuel  makes  it  possible  to  obtain  high 
specific  engine  thrust  (340  —  350  kg  sec/kg).  The  gain  In  efficiency 
when  ammonia  is  used  as  a  combustible  is  associated  with  the  better 
thermodynamic  properties  of  the  combustion  products  of  the  fuel  (low 
molecular  weight,  considerable  content  of  diatomic  gas). 

Under  nomal  conditions,  ammonia  is  a  colorless  easily  liquefied 
gas  with  the  characteristic  sharp  odor  of  “ammonia  water. “  At  a  pres¬ 
sure  of  6  -  7  atm  at  normal  temperatures,  ammonia  goes  into  the 
liquid  phase. 

The  boiling  point  of  ammonia  is  33*4^,  the  freezing  point  -77* 7°* 
the  density  at  the  boiling  point  0.68  g/cm^.  The  viscosity  of  liquid 
ammonia  is  considerably  less  than  the  viscosity  of  water. 


The  availability  and  cheapness  of  ammonia  facilitates  its  use 
In  ZhRD.  It  Is  an  extremely  Important  product  of  the  chemical  Indus¬ 
try,  and  Is  produced  In  very  large  quantities. 

Ammonia  Is  obtained  commercially  by  synthesis  from  the  nitrogen 
of  the  air  and  hydrogen.  The  synthesis  Is  carried  out  at  hl^  temper¬ 
atures  (400  —  500®)  and  pressures  (100  —  1000  atm)  In  the  presence 
of  a  catalyst. 

Under  noimial  conditions,  ammonia  is  quite  stable.  It  burns  with 
a  yellow  flame  in  an  oxygen  atmosphere  when  a  flame  is  applied. 

The  alkaline  properties  of  ammonia  cause  It  to  corrode  nonferrous 
metals. 

A  substantial  drawback  to  ammonia,  coimpllcatlng  Its  utilization 
Is  the  low  boiling  point. 

Ammonia  is  toxic,  and  damages  the  mucous  membranes  of  the  eye  and 
the  respiratory  tracts. 

Basic  data  on  certain  fuels  using  ammonia  and  amines  as  combusti¬ 
bles  are  given  In  Table  193  [ll* 

HYDRAZINE  AND  ITS  DERIVATIVES 

Hydrazine  and  its  derivatives,  hydrazine  hydrate,  dlmethylhydra- 
zlne,  etc.  occupy  an  Important  place  among  the  nitrogen-containing 
compounds  that  are  employed  as  combustibles  for  ZhRD. 

Hydrazine  (N^Hij) 

Hydrazine  is  a  product  of  the  partial  oxidation  of  ammonia,  and 
forms  when  ammonia  reacts  with  sodium  hyi)ochlorlte ; 

2NH,+Na0a«H,0-{-N*H*+NtCl. 

*hie  structural  formula  of  hydrazine  is  MgN  -  NH2. 

Hydi'uzine  is  a  colorless  strongly  liygroscoplc  quite  viscous 
..  quid  that  fumes  in  air.  The  boiling  point  of  pure  hydrazine  is 
113.5^,  the  freezing  point  about  2°,  and  the  density  at  20®  is 


TABLE  193 

Data  for  Coii$)arlson  of  ZhRD  Fuels  Employing  Amines  and  Ammonia  as  Com^ 
bustibles 
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Note;  TOie  specific  thrust,  combustion  tenperature,  and  apparent  molecu¬ 
lar  weight  of  gases  are  determined  by  calculation  for  a  pressure  dif¬ 
ferential  of  50:1  and  a  in  the  region  optimum  for  the  given  fuel. 


l)  Oxidizer;  2)  combustible;  3)  theoretically  required  quantity  of 
oxidizer,  kg,  oxidizer/kg  combustible;  4)  heat  of  combustion,  kcal/ 
/kg;  5)  fuel  density,  kg/liter  at  a  =  1;  6)  temperature  of  combustion, 
OR;  7)  apparent  molecular  weight  of  combustion  products;  8)  specific 
thrust;  9)  kg  sec/kg;  10)  kg  sec/ll  ter;  11)  nitric  acid,  9Gfo  concen¬ 
tration;  12)  the  same;  13)  liquid  oxygen;  l4)  liquid  fluorine;  15) 
liq\d.d  oxygen;  16)  50^  triethylamlne  and  50^  xvlldine;  17)  80%  aniline 
and  20^  furfuryl  alcohol;  18)  dlethylamine;  19)  ammonia;  20)  kerosene. 

1,01  g/cm^. 

Hydrazine  dissolves  well  in  water,  alcohols,  amines,  and  other 
polar  solvents.  In  nonpolar  solvents  such  as  hydrocarbons,  halogenated 
hydrocarbons,  etc.,  they  will  not  dissolve. 

As  it  is  a  strong  I'educlng  agent,  hydrazine  easily  reacts  with 
many  substances,  and  especially  with  oxidizers. 

I'^ree  hydrazine  is  able  to  combine  with  a  molecule  of  water  to 


form  hydrazine  hydrate  NgH^'SHgO.  This  oonpound  is  a  colorless  liquid 
with  a  boiling  point  of  118®,  a  freezing  point  of  -52®,  and  a  density  * 
at  20®  of  1*03  g/om^. 

In  contact  with  the  oxygen  of  the  air,  hydrazine  ignites  and 
burns  with  a  violet  flame.  When  heated  to  a  temperattire  of  about  350®,  it 
breaks  down  quietly  into  Ng  and  [23].  At  higher  temperatures,  it 
tends  to  explosive  decomposition  [24].  Owing  to  this  property  of  hydra¬ 
zine,  it  cannot  be  used  to  cool  a  motor  condoustion  chamber. 

nie  decoimposition  of  hydrazine  is  accelerated  in  the  presence  of 
oxides  of  iron,  chromium,  copper,  and  other  catalysts  [25].  Ihis  re¬ 
action,  which  is  accompanied  by  the  evolution  of  heat  and  gaseous 
products,  makes  it  possible  to  use  hydrazine  as  a  monopropellant. 

Hydrazine  has  a  relatively  low  heat  of  ccnnbuation  (1940  kcal/kg 
with  oxygen,  2430  kcal/kg  with  fluorine},  but  a  small  quantity  of  oxi¬ 
dizer  is  needed  for  its  combustion.  It  is  characterized  by  high  gas 
evolution. 

The  temperature  of  combustion  of  hydrazine  is  relatively  low;  in 
this  connection  the  loss  of  heat  owing  to  dissociation  of  its  combus¬ 
tion  products  is  not  large* 

The  excellent  thermodynamic  properties  of  hydrazine  when  it  is 
burnt  with  all  known  oxidizers  make  it  possible  to  obtain  high  speci¬ 
fic  thrust  from  an  engine  (Fig.  26o).  With  oxidizers  based  on  nitric 
acid,  fluorine,  and  concentrated  hydrogen  peroxide,  it  ignites  spon¬ 
taneously  with  a  short  ignition  lag.  Hydrazine  was  eit^loyed  with  hy¬ 
drogen  peroxide  by  the  Germans  during  the  Second  World  War  for  the 
Mc-153  fighter-interceptor  with  ZhRX),  and  a  mixture  with  methyl  alco¬ 
hol  in  the  Val'ter  rocket  engine  [16]. 

The  utilization  of  hydrazine  as  a  combustible  involves  certain 
difficulties  in  connection  with  its  hi£^  freezing  point  and  the  need 
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Fig.  260.  Design  charactez'- 
Istios  of  ZhRD  using  hydra¬ 
zine  and  liquid  oxygen  [9]. 

=  20.8  kg/cm^j  p^/pg  = 

«  20j  1)  Tecmeraturej  2) 

K  »  C  /Cyj  3J  molecular 

wel^t;  4)  specific  thrust; 

§)  combustion  temperature 
C;  6)  specific  thrust,  kg 
sec/kg;  7)  weight  ratio  of 
oxidizer  to  combustible  in 
mixture;  8)  molecular 
wei^t  of  ^ises. 


Fig.  261.  Curve  for  crystallization 
of  hydrazine-water  mixture  [28]. 

1)  Mol  ^  N^H^. 


to  Insulate  it  completely  against  air 
during  storage.  As  yet,  no  effective  addi¬ 
tives  have  been  found  that  will  lower  the 
freezing  point  of  hydrazine  without  adverse¬ 
ly  affecting  its  energy  characteristics. 

In  many  cases,  the  role  of  the  com- 


ft 


bustible  is  played  not  by  hydrazine  but  by  a  product  of  its  reaction 
with  water  (hydrazine  hydrate),  which  has  a  very  low  freezing  point 
(Fig.  261).  ihe  energy  characteristics  of  hydrazine  liydrate  are  con¬ 


siderably  poorer  than  those  of  hydrazine,  however. 

Pure  hydrazine  may  be  used  in  EhKD  ballistic  missiles, 
provided  that  launching  conditions  permit  the  utilization  of  a  com¬ 
bustible  with  a  high  freezing  point  [26j«  iU^cordlng  to  published  in¬ 
formation,  the  ZhHD  in  the  second  of  the  Centaur  rocket,  designed 

in  Idle  United  States,  will  use  hydrazine  (specification  f4il-H-265^) 
and  nitrogen  tetroxide  [27]« 
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The  cost  of  hydrazine  is  relatively  high, 

I^drazlne  Is  very  toxic,  and  Ignites  easily.  As  a  result.  It  Is 
necessary  to  observe  precautionary  measures  In  handling  this  material 
[28], 

Dlmethylhydrazlne 

In  recent  years.  Information  has  appeared  on  the  application  of 
unsymmetrlc  dlmethylhydrazlne*  (dlmazlne)  as  a  combustible  for  the 
ZhRD  of  many  rockets;  this  substance  Is  a  hydrazine  derivative.  Ihus, 
It  is  used  as  the  combustible  In  the  motors  of  rockets  of  the  Nike, 
Rascal  [29],  Vanguard  [25,  30]  and  Ejq>lorer  [31]  types,  and  In  the 
booster  of  the  Bcmarc  rocket  Interceptor  [32].  Combined  with  liquid 
oxygen,  dlmethylhydrazlne  is  used  In  the  first-stage  rocket  motor 
that  was  used  In  the  United  States  in  1957  to  launch  an  artificial 
Earth  satellite  [18,  33].  Owing  to  the  low  hydrogen  content  of  the 
dlraethylhydrazine  molecule.  It  Is  Inferior  to  hydrazine  In  energy 
characteristics,  but  compensates  for  this  in  its  better  operating 
qualities, 

Dlmethylhydrazlne  easily  Ignites  spontaneously  with  nitric  acid- 
base  oxidizers.  Nlth  liquid  oxygen  It  is  ignited  from  an  exteimal 
Ignition  soux*ce.  The  Ignition  lag  of  dlmethylhydrazlne  with  fuming 
nitric  acid  (several  milliseconds}  Is  the  lowest  of  all  presently 
known  fhel  coli^>osltions  [29].  The  utilization  of  dlmethylhydrazlne 
as  a  combustible  provides  easy  startisag  and  operating  stability  of 
the  engine  under  various  operating  conditions  [3^]  and,  in  addition, 
makes  it  possible  to  increase  soirewhat  the  engine  thrust  characteris¬ 
tics  00  compared  with  other  nitrogon-eontainlsg  hypex^Uc  cedbusti- 
bles.  *210  characteristics  of  fuels  for  ZhRi)  using  hydrazines  as  com¬ 
bustibles  are  shown  In  Table  194. 

In  tiie  United  States,  dlmethylhydrazine  is  produced  to  tlie 


MIL-D-25604  and  MPD-540A  specifications. 

Dlmethylhydrazlne  is  a  colorless  clear  liquid  vith  a  sharp  un¬ 
pleasant  odor  characteristic  of  the  organic  amines.  The  structural 
formula  of  unsyxometric  dlmethylhydrazlne  is  as  follows: 

CH,v  _ 


Dlmethylhydrazlne  has  the  chemical  nature  of  an  organic  base. 

The  physicochemical  constants  of  pure  dlmethylhydrazlne  are  as 
follows  [35]: 

Molecular  weight .  60. 08 

Density  at  20^  ................  0.795 

Coefficient  of  volume  expansion 

at  250  ^ . 0.00133 

Boiling  point,  °C .  63 

Freezing  point,  •  •  •  •  . .  -57.2 

Vapor  pressure  at  25°»  mm  Hg .  157 

Viscosity  at  25*^ >  centipolses .  0. 509 

Plash  point  in  closed  vessel,  .  1.1 

Specific  heat  capacity  at  25°, 

cal/g-mole  degree  .........  39.2 

Heat  of  combustion,  koal/mole .  473 

Thermal  conductivity  at  25°,  h 

cal/sec  cm  oc  .........  4.8-10*^ 

Surface  tension  at  25^,  dyne/cm .  28 

Index  of  refraction  at  25®  .  1.4058 

Heat  of  combustion  (lower- limit)  in  oxy¬ 
gen,  kcal/kg  .  . .  2200 


TABLE  194 

Characteristics  of  EhRD  Fuels  Using  Hydrazines  as  Combustibles 
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l)  Oxidizer;  2)  combustible;  3)  theoretically  required  quantity  of  ox¬ 
idizer,  kg,  oxidizer/kg  of  combustible;  4)  heat  of  combustion,  kcal/kg; 
5)  fuel  density,  kg/llter  at  a  =  1;  6)  combustion  temperature,  7) 
apparent  molecular  weight  of  combustion  products;  8)  specific  thrusts; 
9}  kg  sec/kg;  10)  kg  sec/llter;  11)  liquid  o3<ygen;  12)  liquid  fluorine; 
13)  hydrogen  peroxide,  80^  concentration;  14)  nitric  acid,  98^  concen¬ 
tration;  15)  dimethylhydrazine;  I6)  hydrazine;  17)  50^  hydrazine  hy¬ 
drate  and  50^  methyl  alcohol;  I8)  50^  triethylamlne -  and  50^  xylldine. 


The  properties  of  technical  grade  dimethylhydrazine  are  as  fol¬ 
lows  [30]. 

Content  of  pure  dimethylhydrazine 

in  ^  by  weight,  no  less  than .  98 

Density,  . 0.  783 -0.  786 

Boiling  range: 

10;^  evaporates  at  temperature  in 

not  below .  6I.  7 

90^  evaporates  at  temperature  in 

not  above^ .  64.4 


Freezing  point,  C 


-56.7 


The  chief  advantage  of  dimethylhydrazine  over  hydrazine  is  its 
relatively  low  freezing  point  (-57*2'^),  which  makes  it  convenient  from 
the  operating  viewpoint. 

Dimethylhydrazine  mixes  in  any  proportions  with  water,  petroleum 
pi’oducta,  alcohol,  and  many  organic  solvents.  It  is  oxidized  by  the 
oxygen  of  the  air,  reacts  with  carbon  dioxide,  forming  solid  salts, 
and  thirstily  absorbs  moisture  from  the  air.  Thus,  storage  in  an  un¬ 
sealed  container  will  lead  to  rapid  deterioration  in  its  quality.  In 
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order  to  avoid  damage  to  the  product^  as  well  as  from  safety  consid¬ 
erations,  it  is  recommended  that  dlmethylhydrazine  be  stored  under  a 
nitrogen  blanket. 

Containers  for  storing  and  transporting  dlmethylhydrazine  are 
made  from  ordinary  steel.  In  addition,  stainless  steel,  aluminum  and 
its  alloys,  nickel,  monel,  and  magnesium  can  be  used  as  structural  ma¬ 
terials  in  contact  with  dlmethylhydrazine.  It  is  not  recommended  that 
copper  and  alloys  with  a  high  copper  content  be  used  in  contact  with 
dlmethylhydrazine  [36]. 

Dlmethylhydrazine  is  a  good  solvent.  It  causes  many  well-known 
lining  and  packing  materials  to  swell  and  soften.  Teflon,  polyethylene, 
and  certain  rubbers  are  resistant  to  dlmethylhydrazine  [36].  Dimethyl- 
hydrazine  has  good  thermal  stability.  It  breaks  down  in  sealed  capil¬ 
laries  only  at  temperatures  of  370-425^. 

Dlmethylhydrazine  is  a  highly  toxic  substance.  All  operations 
with  it  should  be  carried  out  in  gas  masks  and  protective  clothing 

[39]. 

Dlmethylhydrazine  forms  explosive  mixtures  with  air  over  a  wide 
range  of  concentrations  —  from  2  to  99%  (by  volume).  It  Ignites  easily 
and  thus  it  is  necessary  in  handling  this  material  to  observe  strictly 
all  fire  safety  measures  [24]. 

Dlmethylhydrazine  is  obtained  by  relatively  uncomplicated  methods, 
and  the  raw  materials  are  plen*oiful. 

It  may  be  obtained  from  dime thy lamlne  and  nitrous  acid  (Fisher's 
method)  [28]. 

The  ^-nitrosodimethy lamlne  is  reduced  in  the  presence  of  zinc  in 
an  acetic  acid  medium; 

(GH3)2NN0+  IH] 


Another  method  of  obtelning  dimethylhydrazine  Is  the  Raschig  mod-^ 
Ificatlon  process,  developed  and  perfected  for  the  production  of  hy¬ 
drazine  [28],  In  the  first  stage,  a  solution  of  sodium  hypochlorite  is 
treated  with  ammonia  in  order  to  obtain  chloramine.  Dimethylhydrazine 
is  then  obtained  from  chloramine  and  dlmethylamlne  according  to  the 
diagram 

NH,+NaOGI  NHjCl-f  NaOH, 

NH,Cl+(CHj),NH+NaOH  -♦  (CH,),NNH,-f-NaCl+H,0. 

After  the  reaction  mass  has  been  dewatered  and  distilled,  pure 
dimethylhydrazine  is  obtained. 

In  recent  years,  chloramine  has  been  obtained  by  direct  chlorina¬ 
tion  of  ammonia. 

At  present,  dimethylhydrazine  is  produced  in  the  United  States  by 
several  companies;  a  tendency  has  been  noted  toward  increased  produc¬ 
tion. 

In  contrast  to  hydrazine,  dimethylhydrazine  dissolves  well  in 
petroleum  products.  Up  to  405^  dimethylhydrazine  Is  added  to  the  Amer¬ 
ican  JP-4  petroleum  fuel  in  order  to  Improve  combustion  stability  [26]. 

It  has  been  reported  [26]  that  dimethylhydrazine  mixed  with  di- 
ethylenetriamine  (Hydyne  combustible)  has  been  used  as  a  combustible. 
LIQUID  HYDROGEN  AS  A  COMBUSTIBLE 

Among  the  combustibles  for  ZhRD,  liquid  hydrogen  should  be  sin¬ 
gled  out.  The  high  energy  characteristics  of  liquid  hydrogen  have  long 
been  known.  The  first  ideas  as  to  its  utilization  for  combustion  in 
ZhRD  with  liquid  oxygen  were  advanced  by  K.E.  Tslolkovskly  [38] » 

A  liquid  hydrogen-liquid  oxygen  mixture  Ignltee  easily  with  a 
short  ignition  lag,  and  has  a  very  high  heat  of  combustion,  equal  to 
3010  kcal/kg.  A  liydrogen  plus  oxygen  fuel  is  characterized  by  high 
normal  flame -propagation  rates  and  wide  concentration  limits  for  Ignl- 
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tlon.  At  the  same  time,  such  a  fuel  is  characterized  by  large  gas  evo¬ 
lution  (1240  11 ter/kg).  The  combustion  temperature  of  hydrogen  in  oxy¬ 
gen  is  relatively  low  (2l4o°).  All  of  these  quantities  make  liquid  hy¬ 
drogen  a  very  valuable  combustible.  Its  use  in  a  ZhRD  permits  a  con- 
alderablf  increase  In  engine  specific  thrust  in  comparison  with  other 
fuels  for  a  lower  fuel  combustion  temperature. 

Table  195  gives  some  characteristics  of  fuels  based  on  liquid  hy¬ 
drogen  [39] >  and  Pig.  262  gives  design  characteristics  for  a  ZhRD  us¬ 
ing  liquid  hydrogen  and  oxygen  [9]. 

Gaseous  hydrogen  is  the  lightest  of  the  gases.  Liquid  hydrogen  is 
a  transparent  colorless  extremely  light  and  mobile  liquid  with  very 


TABLE  195 

Some  Characteristics  of  Fuels  Based  on  Hydrogen 

[39] 
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1)  Fuel;  2)  oxidizer-combustible  ratio;  3)  combus¬ 
tion  temperature,  °C;  4)  theoretical  specific 
thrust,  kg  sec/kg;  5)  fuel  specific  gravity;  6) 
hydrogen -fluorine;  7)  hydrogen-ozone;  8)  hydrogen- 
nitrogen  tetroxide;  9)  hydrogen -oxygen. 


low  boiling  point  (-253°)  and  freezing  point  {-257°)»  Liquid  hydrogen 
has  very  low  density,  0.07  g/oa?  (at  the  boiling  point).  A  hydrogen- 
air  mixture  will  explode  from  a  spark  over  a  broad  range  of  concentra¬ 
tions  --  from  5  to  95^. 


When  stored  in  vessels  open  to  the  atmosphere,  hydrogen  upon  com 
ing  into  contact  with  air  solidifies  and,  being  heavier,  drops  to  the 


i 

1 


Fig.  262.  Design  charac¬ 
teristics  for  ZhRD  using 
llquicJ  hydrogen  and  oxy¬ 
gen.  =  21  kg/cm^j 

Pl/Pg  -  20.4;  1)  Temper¬ 
ature;  2)  K  =  Cp/C^;  3) 

specific  thrust;  4)  mo¬ 
lecular  weight;  5)  igni¬ 
tion  temperature,  °G;  6) 

specific  thrust,  kg 

7)  weight  proportion  of 
oxidizer  to  combustible 
in  mixture;  8)  molecular 
weight  of  gases. 


bottom  of  the  vessel.  When  this  happens ,  \ 

f 

a  very  dangerous  explosive  mixture  forr.i;.  ; 

In  this  connection,  liquid  hydrogen  iv/'  i 
must  be  stored  in  vessels  insulated  from 
the  air  under  high  pressure,  and  even 
this  does  not  eliminate  the  explosion 
hazard  [40]. 

Until  recently,  liquid  hydrogen  was 
obtained  by  cooling  hydrogen  compressed 
to  l40  atm  with  liquid  air  or  ni.trogen, 
and  subsequent  expansion  cf  the  hydrogen 
[393»  Such  a  high-pressure  system  is  not 
Justified,  however.  Today  we  have  avail¬ 
able  a  low-pressure  system  using  circu¬ 
lating  gaseous  helium  that  maintains  a 
temperature  somewhat  below  the  boiling 
point  of  hydrogen  at  the  cold  end  of  the 
system  [39]*  As  a  result,  the  hydrogen 
which  is  at  somewhat  more  than  atmos- 


.  1  eaS{3/>od~<pmi^ 

4  /!u5(t^~tuCivpod 

b  ti  *.0  ».5  10  SJS 


Pig.  263,  Relative  range  of  rockets  using 
various  fuels  [51]*  1)  Hydrogen-fluorine; 
2)  hydrogen -oxygen;  3i  dlborane -fluorine; 
4)  dlborane-oxygen;  5)  hydrasine-chlorlne 
trl fluoride;  6)  ethyl  alcohol -oxygen;  7) 
gasoline-nitric  acid. 


pherlc  pressure  is  ceded  and  liquified.  Helium  installations  are  sim- 
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pie  to  service,  easily  installed,  and  may  be  used  under  field  condi¬ 
tions.  The  first  plant  for  producing  liquid  hydrogen  was  built  in  the 
United  States  ir  1957  [8].  At  present,  liquid  hydrogen  is  produced  in 
l.arge  quantities. 

Special  helium-cooled  vessels  and  tanks  have  been  built  in  the 
United  States  for  storing  aiid  transporting  liquid  hydrogen;  they  pro¬ 
vide  minimum  product  losses  owing  to  evaporation.  The  vessels  consist 
of  two  shells  —  an  inner  shell  (of  stainless  steel)  and  an  outer 
shell;  a  high  vacuum  is  set  up  between  them.  In ‘the  upper  portion  of 
the  inner  shell  there  are  special  condensing  rings  in  which  gaseous 
helium  is  circulated  for  continuous  removal  of  heat  from  the  hydrogen. 

Before  liquid  hydrogen  is  charged  into  appropriate  vessels,  they 
are  first  cooled  with  liquid  nitroger. 

The  use  of  liquid  hydrogen  is  complicated  by  the  fact  that  its 
density  is  so  low  and  the  complexities  Involved  in  storing  and  han¬ 
dling  it.  The  low  density  of  liquid  hydrogen  makes  it  necessary  to 
build  very  large  fuel  tanks,  which  inevitably  leads  to  a  considerable 
inci^ease  in  rocket  nize.  The  very  low  boiling  point  of  hydrogen 
greatly  complicates  storage  and  the  choice  of  materials  for  manufac¬ 
turing  tanks  and  fuel  apparatus,  since  the  majority  of  metals  become 

I 

brittle  at  low  temperatures. 

The  high  energy  chai'acterlstlcs  of  liquid  hydrogen  make  it  a  very 
prorolslng  combustible,  especially  for  long-range  rockets  (Fig.  263) 
t39,  ^1,  ^91*  2hlU)  working  on  liquid  Hg  Pnd  Pg  have  recently  been  deve¬ 
loped  [42 J,  According  to  published  reports,  the  third-stage  motors  of 
the  las'ge  Saturn  and  Centaur  ballistic  missiles  under  contructlon  in 
the  USA  will  use  liquid  hydrogen  and  oxygen  [4?]. 

A  rtETAL-BASE  COMBUSTIBIjS 

The  attempt  to  increase  the  specific  thrust  of  ZhRD  has  led  to 
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unceasing  searches  for  new  fuels  having  Increased  energy  character¬ 
istics.  Almost  all  chemical  elements  In  the  Mendeleyev  periodic  system 
have  been  Investigated. 

Table  196  shows  the  basic  properties  of  fuels  consisting  of  ele¬ 
ments  having  a  very  large  reserve  of  chemical  energy,  and  the  calcu¬ 
lated  specific  thrust  obtained  when  they  are  burnt  In  ZhRD  [44-46]. 

The  heat  of  combustion  was  determined  on  the  basis  of  the  heat  of  for¬ 
mation  of  the  corresponding  oxides  (fluorides),  and  the  low  heat  of 
combustion,  with  an  allowance  for  the  heat  expended  In  vaporizing  the 
combustion  products. 

As  the  table  shows,  presently  feasible  fuels  for  ZhRD  made  up  of 
the  combustible  elements  hydrogen  and  carbon  and  the  oxidizing  element 
oxygen  have  the  lowest  reserve  of  chemical  energy.  Several  combusti¬ 
bles  such  as  beryllium,  lithium,  and  other  metals  have  considerably 
greater  (by  factors  of  2-2.5)  heats  of  combustion  In  combination  with 
oxygen  or  fluorine  than  other  types  of  combustible,  and  relatively 
high  density  (1.73-2.70  g/cm^).  Owing  to  the  high  density  of  metals, 
the  specific  heat  of  combustion  is  exti^mely  large  for  thejn.  For  exam¬ 
ple,  for  a  beryllium-oxygen  fuel  combination,  it  will  be  8850  kcal/li- 
ter,  for  magnesium  and  fluorine,  5330  kcal/liter;  In  this  connection, 
many  authors  have  suggested  that  it  is  possible  to  increase  the  spe¬ 
cific  thrust  of  ZhRD  considerably  by  using  metals  as  the  combustible. 

The  first  ideas  of  using  metal  fuels  were  advanced  by  O.E.  Tsan- 
der.  Later  Yu.V.  Kondratyuk  and  G.E.  Langemak  performed  calculations 
that  demonstrated  the  possibility  of  using  berylliiw,  boron,  lithium, 
aluminum,  silioon,  and  certain  hydrides  of  metals  organometallic 
compcunds  as  combustibles  [47,  48]. 

Metals  that  a»'e  solid  at  ordinary  temperatures  raey  be  burnt  in  an 
engine  in  the  molten  condition  or  as  a  powder  dispersed  in  the  ccmibus- 


tion  chamber.  The  practical  application  of  such  methods  Involves  great 
difficulty,  however.  It  is  more  convenient  to  use  metals  in  ZhRD  in 
the  form  of  suspensions  or  colloidal  solutions  in  which  the  dispersed 
substance  is  a  finely  divided  metal,  and  the  dispersion  medium  a  liq¬ 
uid  oombustlble,  or  in  the  form  of  organometallio  compounds  dissolved 
in  a  combustible. 


TABLE  196 

Basic  Properties  of  Elementary  Fuels 
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1)  Combustible;  2)  oxidizer;  3)  oxygen;  4)  fluorine;  5)  combustion  pro¬ 
ducts;  6)  heat  of  combustion,  kcal/kg;  7)  molecular  weight  of  combus- 
tion-^products;  8)  boiling  point  of  combustion  products,  "C;  9)  density, 
g/cm'^;  10)  specific  thrust,  kg  sec/kg;  11)  low;  12)  high;  13)  liydrogen: 
14)  lithium;  15)  beryllium;  16)  boron;  1?)  hydrogen;  l8)  manganese;  19) 
aluminum;  20)  silicon;  21)  gaseous;  22)  solid;  23)  negative. 


The  utilization  of  metals  as  additives  for  a  hydrocarbon  combus¬ 
tible  makes  it  possible  to  Increase  considerably  its  per -unit -weight 
and  per -unit -volume  heat  of  combustion.  Table  197  shows  the  effect  of 


TABIE  197 

Effect  of  Beryllium  Additives  on  Heat  of 
Combustion  of  Kerosene -Nitric  Acid  Fuel 
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l)  Amount  of  beryllium  additive  in  kero¬ 
sene,  2)  heat  of  combustion;  3) 
kcal/kg;  4)  kcal/llter;  5)  Increase  In 
heat  of  combustion  per  unit  volume, 


a  metallic  beryllium  additive  on  the  heat  of  combustion  of  a  kerosene 
plus  nitric  acid  fuel,  according  to  the  data  of  G.E.  Langemak. 

The  drawbacks  of  metal  fuels  Include  their  high  molecular  weight 
and  the  low  heat  capacity  of  the  combustion  products.  This  is  respon¬ 
sible  for  the  high  combustion  temperatures  and  considerable  energy 
losses  owing  to  dissociation  of  the  combustion  products.  As  a  result, 
the  efficiency  of  metal  combustibles  is  decreased. 
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[Footnote] 


In  the  future,  this  will  be  called  "dime thy Ihydrazlne. " 
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816  HPfl  =  ZhRD  =  Zhidkos tnyy  raketnyy  dvlgatel'  —  liquid  rocket 

motor 

820  jfs.  =  ud  =  udel  ‘nly  =  specific 
820  K  =  k  =  kamera  =  chamber 

835  $  =  F  =  furfurllovyy  spirt  =  furfuryl  alcohol 


Chapter 

OXIDIZERS  FOR  LIQUID- FUEL  ROCKET  ENGINES 

Oxidizers  for  ZhRD  are  the  components  of  the  rocket  fuels  whose 
function  is  to  oxidize  the  combustible  substances  in  the  engine's  com¬ 
bustion  chamber.  The  properties  of  a  rocket  fuel  are  determined  basic¬ 
ally  by  the  properties  of  the  oxidizer,  since  much  more  (approximately 
2-4  times)  oxidizer  than  combustible  is  used  in  a  ZhRD. 

Oxidizers  may  be  classified  as  follows: 

—  ::qujd  oxygen  and  ozone; 

—  concentrated  hydrogen  peroxide; 

—  nitric  acid  and  oxides  of  nitrogen; 

—  tetranltromethane; 

—  liquid  fluorine  and  fluorine  compounds; 

—  perchloric  acid  and  oxides  of  chlorine. 

Table  198  lists  the  most  characteristic  fuel  components  that 
have  been  employed  in  foreign  rocket  engineering. 

OXYGEN  AND  OZONE 
Liquid  Oxygen 

The  use  of  liquid  oxygen  as  an  oxidizer  was  first  proposed  in 
1903  by  K.Ye.  Tsiolkovskly  [3j.  This  is  one  of  the  most  powerful 
oxidizers.  Liquid  oxygen  is  used  basically  in  medium-  and  long-range 
rockets,  which  are  loaded  with  oxidizer  immediately  prior  to  launch¬ 
ing. 

In  the  USA,  liquid  oxygen  is  used  as  an  oxidizer  in  the  engines 
of  the  "Redstone,"  "Jupiter,"  "Thor,"  "Atlas"  (Pig.  264)  and  other 
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rockets.  Methyl  and  ethyl  alcohols  as  well  as  kerosene- type  hydrocar¬ 
bons  are  used  as  combustibles  with  liquid  oxygen.  As  a  rule,  lueis 
based  on  liquid  oxygen  are  not  hypergolic. 

The  basic  energy  characteristics  of  certain  types  of  liquid- oxy¬ 
gen-  and  ozone-based  fuels  are  listed  in  Table  199. 

Under  normal  conditions,  oxygen  is  a  gas.  Its  critical  temperature 
and  pressure  are,  respectively,  tj^^  =  -ll8.8^  and  =  49.7  atm. 

Liquid  oxygen  is  a  bluish  liquid  with  a  specific  gravity  of  l.l4, 
boiling  at  -183°  and  freezing  at  -219^  [6,  8]. 

The  viscosity  of  liquid  oxygen  at  the  boiling  point  is  O.I89 
centipoise,  and  its  latent  heat  of  vaporization  is  I.632  kcal/g*mole.. 

The  vapor  pressure  of  liquid  oxygen  is  shown  in  Pig.  265  as  a 
function  of  temperature  [6]. 

The  most  Important  advantages  of  liquid  oxygen  as  an  oxidizer,  in 
addition  to  its  high  energy  characteristics,  are  its  nontoxlclty,  low 
production  cost, 'and  practically  unlimited  availability. 

Liquid  oxygen  is  obtained  from  air,  which  is  liquefied  by  alter- 
noting  cycles  of  compression  and  cooling,  with  the  result  that  its 
temperature  is  depressed  to  -l80°.  The  liquid  air  is  then  rectified; 
at  a  temperature  of  about  —190°,  the  nitrogen  evaporates  from  it  and 
the  liquid  oxygen  remains  [?]. 

The  oxygen  content  in  the  technical  product  may  be  no  lower  than 
99.0%  [9]. 


no  atmospheric  pressure,  liquid  oxygen  maintains  a  constant  tem¬ 
perature  (—183°)  as  a  result  of  the  continuous  vaporization  that 
takes  place  with  absorption  of  heat.  Evaporation  of  1  kg  of  liquid 
oxygon  requires  expenditure  of  51  kcal  of  heat  (9). 

One  of  the  most  serious  shortcomings  of  liquid  oxygen  is  its  low 
boiling  point  and,  consequently,  the  large  evaporation  losses  during 
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TABLE  198 

Certain  Fuel  Components  That  Have  Been  Used  in 
the  Rocket  Engineering  of  Capitalist  Countries 

[8,  33] 
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I)  Oxidizer;  2)  combustible;  3)  rocket;  4)  class 
of  rocket;  5)  angine  thrust,  tons;  6)  range,  km; 

7)  liquid  oxygen;  8)  euhyl  alcohol;  9)  A-4,  Fed¬ 
eral  Republic  of  German:/;  10)  surface-to-surface; 

II)  same;  12)  "Redstone"  (USA);  13)  kerosene; 

14)  "Jupiter*'  (USA);  15)  "Thor"  (USA);  l6)  JF-4 
fuel;  17)  "Atlas"  (USA);  l81  nitric  acid;  19) 
"Tonka-250";  20)  "X-4"  (Federal  Republic  of 
Germany);  21)  air-bo-air;  22)  monoethylaniline; 

23)  "Corpora]"  (USA);  24)  gas  oil;  25)  "Veronica" 
(France);  26)  kerosene;  27)  "Nike-Ajax"  (USA); 

28)  surface-to-air;  29)  ''Erlikon-54"  (Switzerland); 
30)  unsymmetrical  dimethylhydrazlne;  31)  "Vanguard," 
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Table I98  key  (continued) 

second  stage  (USA)j  32)  for  launching  of  arti¬ 
ficial  earth  satellite;  33)  xylid^'ne;  34)  "X-17'' 
(USA);  35)  ''Henschel-294''  (Federal  uepublic' of 
Germany),  36)  air-to-surface;  37)  hydrogen  per¬ 
oxide  +  calcium  permanganate;  38)  hydrogen  per¬ 
oxide;  39)  5"^  methyl  alcohol  +  30%  hydrazine 
hydrate  +  13%  water:  40)  "Me-l63-B"  (Federal 
Republic  of  Germany);  4l)  methyl  alcohol  + 
hydrazine;  42)  "TR"  (England);  43)  aerodynamic 
research;  44)  kerosene;  45)  ''SX-45''  (England); 
46)  "guided  bomb"  (England) . 


TABLE  199 

Basic  Energy  Characteristics  of  Fuels  Based  on 
Liquid  Oxygen  and  Ozone  [4,  5] 
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1)  Fuel  mixture;  2)  oxidizer- to- fuel  ratio;  3) 
fuel  density,  kg/liter;  4)  eombusti on- chamber 

O 

pressure  kg/cro*";  5)  comb  us  cl  on- chamber 

temperature,  °C;  6)  specific  thrust,  kg* sec/kg; 
7)  oxygen  +  liquid  hydrogen;  8)  oxygen  +  am¬ 
monia;  9)  oxygen  •  hydrazine;  10)  oxygen  + 
ethyl  alcohol;  11)  oxygen  gasoline;  12)  oxy¬ 
gen  +  methylamine;  I3)  oxygen  +  unsytiunetrlcal 
dimethylhydrazine;  14)  oxygen  4-  JP-4  fuel;  15) 
oxygen  +  hydrocarbon  combustible  (C;H  =  6); 

16)  ozone  +  hydrocarbon  combustible  (CtH  «  6); 

17)  oxygen  (70j5)  and  ozone  (305^1)  +  hydrocarbon 
combustible  (C:H  si  6). 


toi'age  and  shipment. 

As  a  result,  the  basic  problem  in  using  liquid  oxygen  ami  par- 
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Pig.  265.  Vapor  pressure 
of  liquid  oxygen  as  a  func¬ 
tion  of  temperature.  l|  Va¬ 
por  pressure,  mm  Hg;  2) 
temperature,  °C. 
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tlcularly  in  storing  it  consists  in  minimiz¬ 
ing  the  evaporation  losses  as  far  as  possi- 


m: 


ble. 


Liquid  oxygen  is  stored  In  special  con- 


Pig.  264.  "Atlas" 
intercontinental  bal¬ 
listic  rocket  (USA) . 


tainers  with  excellent  heat  insulation.  The 
evaporation  rate  of  oxygen  depends  on  the 


V;;  size  of  the  heated  surface  and  the  thermal- conductivity  coefficient 

i 

of  the  insulation.  Since  a  sphere  has  the  smallest  surface  area,  rela- 

»  •  ' 

.‘N 

'/i  tively  small  containers  for  storage  of  liquid  oxygen  are,  as  a  rule, 

’’.'j  made  spherical.  Larger  containers  are  normally  given  cylindrical 

I  shapes. 

/r'  Heat  Insulation  Is  provided  for  storage  of  liquid  oxygen  either 

■*V  by  creating  a  deep  vacuum  (below  0.001  ram  Hg)  in  the  space  between 

the  inside  and  outside  walls  of  the  container  or  by  pouring  a  heat- 
*>4  Insulatiiig  material  i:  to  axJ  spaces  betwe  en  the  walls  of  the  vessels 

yf  holding  the  oxygen  and  the  outside  cases  of  the  storage  capacity. 

.-ry-  Loose  magnesium  carbonare  powder,  asbestlte,  magnesium  cement,  slag 

;>  or  glass  .ool .  and  other  materials  are  used  as  heat  insulators  (9,  10). 
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Magnealuni  carbonate  powder  has  the  lowest  therraal-conduot  J-'l  ■  v 
flcient,  which  is  0.02?  kcal/m*hour •'^C  [71.  When  vacuum  hwal  . 

is  used,  the  oxygen  losses  are  about  25?S  smaller  than  when  heat- '  n.-',- 
lating  materials  are  employed  [10].  The  best  effect  is  secured  by  usli. 
the  so-called  vacuum-povjder  heat  Insulation,  a  practice  ccnsistirig 
pouring  the  space  between  the  outside  and  inside  walls  of  the  liquid- 
oxygen  vessel  full  of  magnesium  carbonate  powder  and  then  evacuating 
the  air  from  this  space  to  produce  a  high  vacuum.  The  oxygen  losses 
due  to  evaporation  when  the  slag-wool  heat  insulation  is  employed  repre¬ 
sent  3-5/^  per  day,  while  they  drop  to  less  than  1^  per  day  for  vacuum 
and  vacuum-powder  insulation  [10].  High  moisture  content  and  the 
presence  of  cracks  in  the  heat  Insulation  result  in  a  considerable  in¬ 
crease  in  its  thermal  conductivity  and,  consequently,  in  evaporation 
losses  of  oxygen. 

Under  laboratory  conditions,  liquid  oxygen  is  stored  in  Dewar 
flasks.  When  considerable  quantities  of  liquid  oxygen  are  to  be  stored 
or  shipped,  special  metallic  reservoirs  known  as  "tanks”  and  having 

"3 

capacities  from  1  to  50  m"'  are  employed.  In  Isolated  cases,  the 
capacity  may  run  up  to  40,000-45,000  m^  [9].  The  larger  the  capacity 
of  the  liquid-oxygen  vessel,  the  smaller  will  be  its  relative  evapora- 
tiv!)n  losses  expressed  In  per  cent.  The  literature  [12]  describes  a 
plan  foi*  an  undqrgi'ound  reservoir  to  hold  1  million  tens  of  liquid 
oxygen.  This  reservoir  is  a  cylindrical  tank  103.5  m  in  diameter  and 
li'j  '.u  !  '.'h  provided  with  heat  insuiallon  10  tu  thick.  The  evaporation 
losses  of  oitygen  in  such  a  reservoir  would  be  only  about  0,001^  per 

Special  o.xygen  tank  cars  are  used  for  railroad  shipment  of 
wxygun.  Special  mobile  fueling  units  are  employed  for  hauling 
liquid  oxygen  over  short  distances  and  feeding  it  to  s'oekets. 
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Since  shipment  of  liquid  oxygen  over  considerable  distances  re¬ 
sults  in  large  evaporation  losses,  it  is  frequently  advisable  to  pro¬ 
duce  the  liquid  oxygen  at  the  point  of  consumption.  Special  mobile 
apparatus  for  production  of  liquid  oxygen  have  been  built  for  these 
purposes.  In  the  USA,  for  example,  there  le  a  unit  with  an  output  of 
5  tons/day  of  liquid  oxygen  for  servicing  the  "Redstone”  rockets; 
this  is  carried  on  two  trailers  and  adapted  for  air  transport. 

A  unit  has  also  been  developed  for  an  output  of  20  tons/day  of 
pure  (99*5^)  liquid  oxygen;  this  one  is  mounted  on  four  trailers. 

The  unit  operates  on  diesel  fuel,  of  which  0.5  kg  is  required  to 
produce  1  kg  of  liquid  oxygen.  The  liquid  oxygen  produced  by  the  unit 
is  supercooled  and  then  drained  into  special  tanks  or  mobile  fueling 
units  [13]. 

Containers  for  storage  and  shipment  of  liquid  oxygen  may  be 
equipped  with  special  automatic  helium  coolers  to  reflux- condense  the 
evaporated  oxygen;  in  these  devices,  liquid  helium  (tj^  =  -269'^)  cir¬ 
culates  through  a  tubular  condenser  installed  in  the  top  of  the  reser¬ 
voir  holding  the  liquid  oxygen.  The  helium  coolers  make  it  possible  to 
store  liquid  oxygen  for  long  periods  and  ship  it  over  long  distances 
without  losses  [9], 

Copper  and  copper  alloys,  aluminum  and  stainless  chrome-nickel 
steels  are  used  In  fabricating  equipment  for  the  storage,  shipment  and 
transfer  of  liquid  oxygen. 

Carbon  steel  and  cast  li'on  are  not  suitable  for  these  purposes, 
since  they  become  extremely  brittle  on  contact  with  liquid  oxygen  {6J. 
Copper,  aluminum  and  lead  are  used  as  packing  materials.  The  fire 
hazard  prohibits  the  use  of  lubricants  and  oils  of  organic  origin 
in  work  with  liquid  oxygen.  Various  types  of  impurities  accumulate 
gradually  during  storage  and  transfer  of  liquid  oxygen;  these  Include 
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acetylene,  mineral  oils,  carbon  dioxide,  water  and  others.  pre* 
of  water  and  carbon  dioxide  in  the  form  of  a  solid  phase  in  oxygen  r.ay 
result  in  clogging  of  filters  and  various  parts  of  the  plumbing  when 
the  oxidizer  is  transferred.  The  accumulation  of  hydrocarbon  oils  and 
acetylene-  which  may  result  in  violent  explosion  of  the  entire  mass  of 
liquid  oxygen,  is  particularly  dangerous.  It  is  necessary  to  exercise 
great  caution  in  working  with  liquid  oxygen  because  organic  substances 
in  contact  with  it  and  in  the  atmosphere  formed  by  its  saturated  vapor 
may  easily  self- ignite  or  form  explosive  mixtures.  Brief  contact  of 
liquid  oxygen  with  the  skin  is  not  dangerous,  since  a  gas  cushion  that 
protects  the  body  from  freezing  forms  between  the  liquid  and  the  skin 
as  it  bolls  [l4].  Touching  metals  that  have  been  cooled  by  liquid  oxy¬ 
gen  is  more  dangerous. 

Ozone 

The  use  of  oxygen  as  a  ZhRD  oxidizer  was  first  proposed  by  Yu.V, 
Kondratyuk  [15].  Ozone  is  one  of  the  strongest  oxidizers;  paired  with 
liquid  hydrogen  it  develops  a  larger  specific  thrust  than  does  liquid 
fluorine . 

Ozone  is  an  allotroplc  modification  of  oxygen.  Its  molecule  con¬ 
tains  three  atoms  of  oxygen. 

Liquid  ozone  is  dark  blue  in  color,  bolls  at  a  temperature  of 
—112®  and  freezes  at  —251®.  Its  density  (1.46  at  the  boiling  point)  is 
considerably  higher  than  those  of  oxygen  and  fluorine.  Ozone  can  be 
produced  from  oxygen  by  the  action  of  a  corona  discharge  or  by  thermal 
methods  based  on  the  fact  that  oxygen  undergoes  partial  transformation 
inuo  ozone  at  high  temperatures  (6).  The  mixture  of  oxygon  with  ozone 
that  is  produced  In  this  manner  is  cooled  by  liquid  air,  so  that 
liquid  ozone  or  liquid  mixtures  of  oxygen  and  ozone  can  be  produced. 

A  diagram  of  a  unit  for  producing  ozone  is  shown  In  Pig.  266. 


The  basic  deficiencies  of  ozone, 
apart  from  its  low  boiling  pnlnt,  in¬ 
clude  an  explosion  hazard  and  high 
toxicity.  Ozone  is  liable  to  spon¬ 
taneous  decomposition  with  evolution 
of  a  large  quantity  of  heat,  in  ac¬ 
cordance  with  the  equation 
20^  SOg  +  69  kcal . 

Gaseous  ozone  may  decompose  ex¬ 
plosively  [16].  Liquid  ozone  is 
stable  at  room  temperature.  However, 
the  presence  in  it  of  even  trace 
quantities  of  organic  impurities 
such  as  lubricating  oils  makes  ozone  an  extremely  explosive  material 
that  detonates  on  heating  and  mechanical  agitation  [17].  A  necessary 
condition  for  the  production  of  explosion- safe  liquid  ozone  is  spe¬ 
cific  and  thorough  purification  of  the  oxygen  used  for  its  production. 
Ozone  explosions  begin  in  the  gaseous  phase,  so  that  gaseous  ozone  re¬ 
quires  extremely  cautious  handling. 

The  use  of  pure  liquid  ozone  as  an  oxidizer  for  ZhRD  is  still 
difficult  due  to  its  tendency  to  explosive  decomposition.  One  method 
of  stabilizing  ozone  is  its  use  in  mixture  with  liquid  oxygen.  A  mix¬ 
ture  of  ozone  with  oxygen  containing  up  to  30%  of  liquid  ozone  is  of 
practical  Interest;  this  mixture  does  not  represent  an  explosion 
hazard  and  Is  stable  in  storage  [18]. 

The  effectiveness  of  liquid  oxygen  as  an  oxidizer  Increases  in 
proportion  to  its  ozone  content  (Fig.  26?)  [19]. 

The  presence  of  ozone,  which  is  capaisle  of  yielding  active 
nascent  oxygen  on  decomposition,  in  liquid  oxygen  contributes  to  an 
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Pig.  266.  Diagram  of  appara¬ 
tus  for  production  of  ozone. 
1)  Oxygen  from  bottles;  2) 
oxygen  purifier;  3)  recircu¬ 
lation  pump;  4)  oxygen- feed 
regulator;  5)  ozonator;  6) 
heat  exchangers;  7)  solution 
of  ozone  in  oxygen. 


^KoHueHmpamm  omo,  % 


Fig.  267.  Heat  of  com¬ 
bustion  of  ozone- oxygen 
mixtures  (with  toluene) 
as  a  function  of  ozone 
concentration.  1)  Kcalj 
2)  ozone  concentration. 


Fig.  268.  Diagram  of  state 
of  ozone- oxygen  system  at 
atmospheric  pressure,  l) 
Ideal  solution?  2)  vapor? 

3)  liquid  and  vapor?  4) 
liquid  oxygen?  5)  liquid 
ozone?  6)  two  liguid  phases. 
A)  Temperature,  ®C?  B)  ozone 
content,  mole-^. 


increase  in  the  combustion  rate  of  fuels  in  the  ZhRD  chamber. 

Ozone  has  limited  solubility  in  liquid  oxygen.  Mixtures  contain¬ 
ing  from  25  to  55^  of  ozone  separate  into  two  liquid  phases  at  a 
temperature  of  -183°;  one  is  rich  in  ozone  (555^  02)>  while  the  other 
has  a  low  ozone  content.  At  temperatures  above  — 179»5°>  ozone  mixes 
with  oxygen  in  all  proportions  [20].  Figure  268  shows  the  diagram  of 
state  of  the  ozone-oxygen  system  [21]. 

The  ozone-enriched  layer  is  explosive.  When  a  mixture  of  oxygen 
wilt*  ozone  is  stored,  it  is  necessary  to  take  Into  account  the  possi¬ 
bility  of  an  Increase  in  ozone  concentration  due  to  the  continuous 
and  preferential  evaporation  of  the  oxygen,  which  boils  at  a  lower 
temperatui’e  than  ozone. 

CONCENTRATED  HYDROGEN  PEROXIDE 

Concentrated  hydrogen  peroxide  has  come  into  extensive  use  in 
rocket  englneeriiig  as  an  oxidizer  and  as  an  agent  for  the  production 
of  the  vapor  gas  required  to  drive  the  turbines  of  turbopump  sets  in 
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TABLE  200 

Theoretical  Characteristics  of  Fuels  Based  on 
Concentrated  Hydrogen  Peroxide  [4,  5j 
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l)  Fuel  mixture;  2)  oxldlzer-to-combustlble  ra¬ 
tio;  3)  fuel  density,  kg/liter;  4)  combustion- 

chamber  pressure,  kg/cm^;  5)  combustion-chamber 
temperature,  ^C;  6)  specific  thrust,  Icg-sec/te; 
7^  905^  hydrogen  peroxide  +  hydrazine;  o)  99* 
hydrogen  peroxide  +  hydrazine;  9)  99*6^  hydro¬ 
gen  peroxide  +  JP-4  fuel;  10)  anhydrous  hydrogen 
D^oxiar;  92.5i«  ethyl  alcohol!  11)  m  hydrogen 
peroxide  +  methyl  alcohol!  12)  hydrogen  peroxide 
(54?^)  and  ammonium  nitrate  (40^)  +  kerosene. 


certain  types  of  rockets. 

In  1944,  hydrogen  peroxide  was  used  by  the  Germans  as  a  vapor- 
gas  source  in  the  A-4  (V-2)  rocket.  Hydrogen  peroxide  is  used  for  the 
same  purpose  in  the  American  Redstone,  Viking,  Jupiter  and  other 
rockets.  Concentrated  hydrogen  peroxide  has  been  used  as  an  oxidizer 
in  the  engine  of  the  Me-l63B  interceptor  aircraft,  as  well  as  in  cer¬ 
tain  British  and  American  2hRD  types  [22,  23»  24 J. 

Low-water  hydrogen  peroxide  (90-95^)  yields  nothing  to  nitric 
acid  in  efficiency,  although  it  contains  less  active  oxygen.  For  exam 
pie,  the  energy  properties  of  a  fuel  mixture  consisting  of  90^  iW<iro- 
gen  peroxide  and  kerosene  approach  those  of  such  fuels  as  red  fuming 
nitric  acid  +  aniline  and  liquid  oxygen  +  ethyl  alcohol  [4).  This  is 


accounted  for  by  the  fact  that  the  hydrogen  peroxide  molecule  decoin-  ’ 
poses  with  evolution  of  considerable  heat  before  entering  into  the  oxi 
dation  reaction;  this  delivers  an  additional  heat  effect  when  the  fuel 
is  burned  in  the  combustion  chamber. 
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Pig.  269.  Specific  grav¬ 
ity  of  hydrogen  peroxide 
as  a  function  of  its  con¬ 
centration  and  tempera¬ 
ture.  A)  Specific  gravity, 

g/cm'*';  B)  temperature,  ®C. 
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B  CoSeiatc»mtifpi3l»  * 

Pig.  270.  Vapor  pressure 
of  hydrogen  peroxide  as 
a  function  of  concentra¬ 
tion  and  temperature.  A) 
Vapor  pressure,  mm  Hg; 

B)  HgOg  content, 


TABLE  201 

Physical  Properties  of  Hydrogen  Peroxide  [6,  22, 
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1}  Index;  2}  H20g  concentration,  3)  density 


dynes/c»;  9)  heat  capacity,  cal/g;  10)  heat  of 
format  ion  of  liquid  H2O2,  kcal/g-mole. 


Pig.  271.  Diagram  of  state  of 
HgOg-HgO  system.  1)  Tempera¬ 
ture,  °C;  2)  concentration  of 
HgOg,  56  by  weight;  3)  freez¬ 
ing-point  curve. 


Table  200  lists  certain  theo¬ 
retical  characteristics  for  fuels 
based  on  concentrated  hydrogen  per¬ 
oxide  [4,  5]. 

Hydrogen  peroxide  can  be  pro¬ 
duced  by  various  methods  [22].  The 
electrochemical  method  consists  In 
electrolyzing  aqueous  solutions  of 
sulfuric  acid;  the  result  is  forma¬ 
tion  of  persulfurlc  acid,  which  is 


then  hydrolyzed  by  water  vapor  with  formation  of  dilute  aqueous  solu¬ 
tions  of  hydrogen  peroxide  (perhydrol) .  The  concentrated  hydx*ogen 
peroxide  is  produced  by  two-staged  rectification  of  the  solution  in 
special  columns,  which  yields  commercial-grade  80-90Sf  hydrogen  per¬ 
oxide  . 

Low-water  hydrogen  peroxide  is  a  colorless  transparent  liquid 
with  an  extremely  faint  odor  reminiscent  of  those  of  nitrogen  oxides. 

The  physical  properties  of  hydrogen  pei^oxlde  of  various  concen¬ 
trations  are  given  in  Table  201. 

Figures  269  and  270  Indicate  the  specific  gravity  and  vapor 
pressure  of  hydrogen  peroxide  as  functions  of  its  concentration  and 


teaiperatu>t*e . 

Hydrogen  peroxide  is  £^garded  as  an  ext^'emely  weak  acid  that  can¬ 


not  even  be  detected  by  litmus-paper  testing.  The  dissociation  constant 
of  hydi'ogen  peroxide  in  the  equation  M^Og  •-  U  +  KOg  Is  2.«i*10  at  a 
temperature  or  23^c. 


Hydrogen  peiH3Xlde  mixes  in  all  proportions  with  water  and  ethyl 


and  methyl  alcoiiiols. 


One  shortGcming  of  concentrated  hydrogen  peroxide  is  its  high 
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freezing  point,  which  makes  it  difficult  to  work  with  in  winter. 

Figure  271  shows  a  diagram  of  phase  state  for  the  HgOg-HgO  sysi^'' 
tern  [22] . 

Solutions  of  55-605S  concentration  have  the  lowest  freezing  poiht's 
Concentrated  hydrogen  peroxide  has  the  ability  to  supercool.  For  ex^' 
ample,  pure  90^  hydrogen  peroxide  may  be  supercooled  to  —15°  even  dur- 
Ing  agitation.  Effective  additives  that  would  make  it  possible  to  re¬ 
duce  the  freezing  point  of  hydrogen  peroxide  by  any  considerable 
amount  without  detriment  to  its  energy  properties  have  not  yet  been 


found.  Figure  272  shows  the  Influence  of  ammonium-nitrate  additives 
to  905^  hydrogen  peroxide  on  the  latter’s  freezing  point. 


Fig.  272.  Freezing  points  of 
hydrogen-peroxide  solutions 
of  ammonium  nitrate.  1) 
Freezing  point, °Cj  2) 

NHj^NO^  content,  5^. 


The  mixture  consisting  of 
NH^^NOo  and  605^  ^2^2  lowest 

freezing  point  at  —32*^  [4]. 

A  distinguishing  property  of 
low- water  hydrogen  peroxide,  and  a 
considerable  disadvantage  from  the 
standpoint  of  storage,  is  its  ther-  • 
mal  instability  and  high  sensitivity 
to  various  types  of  contamination.  On 
heating,  and  under  the  action  of 
various  catalysts,  hydrogen  peroxide 


decomposes  with  evolution  of  heat  in  accordance  with  the  equation 

HjOj  — ♦  li|0*h -^Oj*i*23»45  koul . 

The  decomposition  rate  of  $0^  hydrogen  peroxide  as  a  function  of 
temperature  la  indicated  In  Table  202. 


Absolutely  pure  low- water  hydrogen  peroxide  may  be  stored  at 
normal  temperatures  for  extremely  long  periods  without  noticeable  de¬ 
composition.  Contamination  by  various  impurities  (dust,  rust,  salts  of 


TABLE  202 

Stability  of  90%  Hydrogen  Perox~ 
Ide  at  Various  Temperatures  [9] 


TcMnepaxypa, 
“C  1 


npn6An»(eanaR  cKopocn 
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}  1%  B  roA 

^  1%  ■  noAenio 
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1)  Temperature,  °Cj  2]  approximate 
decomposition  rate;  3)  1%  per  year; 
4)  1%  per  week;  5)  2^  per  day;  6) 
decomposes  rapidly  with  bumping.  ‘ 


heavy  metals,  alkalis,  enzymes,  and  so  forth)  result  in  a  sharp  in¬ 
crease  in  the  decomposition  rate  of  hydrogen  peroxide  and  severe  over¬ 
heating.  At  a  temperature  of  l4O-150^,  the  decomposition  becomes  ex¬ 
plosive.  The  Influence  of  certain  impurities  on  the  stability  of  90$^ 

TABLE  203 

Influence  of  Impurities  on  Decom¬ 
position  Rate  of  90%  Hydrogen 
Peroxide  at  Temperature  of  100  .0 
During  24  Hours  [22] 


npOMOCO 


aueaopoAB, 


4r>C3  npiiHccoit 

.... 

.... 

q  »  .... 

^  SKmojo  .  .  . 
9  Ojioro  .  .  . 
10  U»«K  .... 


1)  Impurity;  2)  quantity  of  im¬ 
purity,  mg/liter;  3)  loss  of  ac¬ 
tive  oxygen,  %\  4)  without  Impur¬ 
ities;  51  aluminum;  6)  chromium; 
7)  copper;  8)  Iron;  9)  tin;  10) 
zinc. 


hydrogen  peroxide  is  shown  in  Table  203. 


Permanganates,  manganese  dioxide,  cuprous  cyanide  salts  and 
others  are  strong  catalysts  for  the  decomposition  of  hydrogen  peroxide. 
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A  considerable  quantity  of  heat  Is  evo*-. -d 
In  the  decomposition  of  hydrogen  peroxiu*.? . 

The  dependence  of  the  heat  effect  of 
the  decomposition  on  the  concentration  rd 
the  hydrogen  peroxide  is  shown  in  Pig. ' 


95  100 


1  65  70  75  60  65  90 


2Codtp3KaHue  HjO^ ,  % 

Pig.  273.  Heat  effect  of 
decomposition  reaction 
of  hydrogen  peroxide  as 
a  function  of  its  con¬ 
centration.  1)  Heat  ef¬ 
fect,  kcal/kg;  2)  HgOg 

constant,  %. 


273. 


Decomposition  of  1  kg  of 


hydro¬ 


gen  peroxide  liberates  1700  liters  of 
vapor  gas  heated  to  7^0^  and  containing 
0.423  kg  of  active  oxygen. 

The  ability  of  hydrogen  peroxide  to 


decompose  rapidly  under  the  influence  of  catalysts,  with  evolution  of 
heat  and  formation  of  a  large  quantity  of  gaseous  decomposition  pro¬ 
ducts,  makes  it  possible  to  use  it  as  a  monopropellant  fuel. 

The  instability  of  hydrogen  peroxide  and  its  sensitivity  to 
various  Impurities  were  for  a  long  time  serious  obstacles  to  its 
widespread  use  in  engineering.  Many  studies  were  undertaken  to  find 
ways  to  stabilize  hydrogen  peroxide,  with  the  result  that  it  was  es¬ 
tablished  that  orthophosphoric  and  pyrophosphorlc  acids  and  their 
salts,  stannic  acid  and  its  salts,  hydroxyqu incline  and  other  agents 
may  be  used  as  stabilizers  (4,  9,  22] »  Orthophosphoric  acid,  stannates 
and  pyrophosphates  have  come  into  practical  use.  Thus,  when  23  mg/liter 
of  orthophosphoric  acid  are  added  to  875^  hydrogen  peroxide,  Its  sta- 
oiiity  *s  improved  considerably  [9J.  The  action  of  the  stabilizer  de¬ 
pends  on  its  nature  and  the  nature  of  the  contamination.  No  universal 
stabilizer  for  hydrogen  peroxide  has  as  yet  been  found.  For  example, 
the  catalytic  action  of  copper  ions  is  weakened  considerably  by  stan¬ 
nic  acid  and  its  salts,  while  that  of  chromium  Ions  is  countered  by 
orthophosphoric  acid  and  pyrophosphates* 
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The  best  guaranty  for  stability  of  hydrogen  peroxide  is  to  safe¬ 
guard  its  purity  in  production,  storage,  shipping  and  transfer.  When 
a  small  quantity  of  harmful  impurities  gets  into  hydrogen  peroxide, 
stabilizers  are  sufficiently  effective,  but  the  decomposition  process 
cannot  be  retarded  by  any  stabilizer  if  the  impurities  are  present  in 
large  amounts.  With  rising  temperature,  the  sensitivity  of  hydrogen 
peroxide  to  the  catalyzing  action  of  impurities  increases.  Concentrated 
hydrogen  peroxide  is  stored  and  shipped  in  special  containers  (tanks, 
tank  cars,  drums)  made  from  pure  aluminum  (Fig.  274).*  In  Isolated 
cases,  stainless  steel  may  be  used.  Polyvinyl  chloride  plastic  is  used 
as  a  gasketing  and  stuffing  material.  Teflon  and,  to  a  lesser  degree, 
polyethylene  are  also  stable  against  hydrogen  peroxide  [26,  27]. 

To  raise  the  stability  of  hydrogen  peroxide  in  storage,  the  in¬ 
side  surfaces  of  the  aluminum  reservoirs  and  drums,  as  well  as  those 
of  the  pumps  and  piping  systems  are  given  special  treatment  (passivated) 
by  dilute  alkali  and  nitric-acid  solutions. 

The  storage  losses  due  to  decomposition  of  the  hydrogen  peroxide 

should  not  exceed  per  year  [28]. 

The  stability  of  hydrogen  peroxide 
in  storage  is  checked  by  regular 
t  emperat  ure  meas  urement  s . 

If  rapid  heating  of  the  product 
is  detected,  an  additional  small 
quantity  of  stabiliser  is  Injecte-l 
Into  it.  If  this  is  not  adequate,  the 
hydrogen  peroxide  Is  diluted  with 
water  to  safe  concentration  (6?^)  [29]. 

Concentrated  hydrogen  peroxide  causes  dot  corrosion  of  aluminum. 

A  corrosion  inhibitor  is  added  to  hydrogen  peroxide  to  i^educe  its 


Fig.  2T4.  Tank  for  storage  of 
hydrogen  peroxide. 
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corrosive  action  on  metals.  -v.xt 

Great  caution  is  required  in  handling  hydrogen  peroxide.  If  it 
comes  into  contact  with  combustible  materials  (grass,  straw,  textiles, 

i 

paper,  wood,  and  so  forth),  concentrated  hydrogen  peroxide  decomposes 
with  evolution  of  a  large  amount  of  heat,  so  that  these  materials 
burst  into  flame. 

Mixtures  of  concentrated  hydrogen  peroxide  with  organic  substances 
(benzene,  toluene,  alcohols  and  others)  are  highly  explosive  materials. 
If  such  mixtures  are  accidentally  formed  in  work  with  hydrogen  perox¬ 
ide,  they  should  be  disarmed  immediately  by  dilution  with  a  large 
quantity  of  water  [4]. 

Contact  of  concentrated  hydrogen  peroxide  with  the  skin  produces 
severe  burns.  Contact  with  the  eyes  may  result  in  blindness.  The  best 
first  aid  in  this  case  is  copious  water  washing  of  the  affected  areas. 

Hydrogen  peroxide  vapor  Irritates  and  inflames.  Its  decomposition 
products  are  not  toxic.  Protective  clothing  -  polyvinyl  chloride 
coveralls  or  an  apron,  boots  and  gloves  —  are  worn  in  work  with  hydro¬ 
gen  peroxide. 


OXIDIZERS  BASED  ON  NITRIC  ACID  AND  NITROGEN  OXIDES 
Nitric  Acid 

Concentrated  nitric  acid  was  fli’st  proposed  as  an  oxidizer  in 
the  USSR.  The  widespread  use  of  nitric  acid  In  rocket  engineering 
despite  its  relatively  low  energy  properties  Is  accounted  for  by  the 
following  A actors; 

-  at  normal  temperatures,  nitric  acid  is  In  the  liquid  state, 
which  makes  it  easier  to  work  with  and,  spootfioally,  makes  it  poseibiu 
to  hold  a  rocket  fueled  and  fully  ready  for  launching  for  long  periods 
of  t  line ; 

-  nitric  acid  Is  a  readily  available  and  cheap  product  with  a 
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Pig.  275.  Short-  Pig.  276.  "Srlikon-S^" 

range  "Corporal”  antiaircraft  rocket  on 

ballistic  rocket  twinned  launcher  (Swltz- 

(USA) .  erland) . 

practically  unlimited  raw-material  base  and  Is  In  mass  production  by 
the  chemical  industry j 

-  with  a  number  of  combustibles  (aniline,  xylldlne,  furfui*yl 
alcohol  and  others),  nitric  acid  forms  hypergollc  mixtures  that  do 
not  require  a  special  device  for  ignition  in  the  ZhRD  combustion 
chamber  [31,  32]. 

Concentrated  nitric  acid  is  used  as  an  oxidizer  In  many  rockets: 
the  "vanguard,"  "Corporal"  (Fig.  275) i  "Nike-Ajax,"  "Jupiter"  (USA), 
"Veronica"  (Prance),  "Brlikon-54"  (Switzerland)  (Pig.  276)  and  others 
[331. 

Uitrlo  acid  is  used  in  combination  with  various  combustibles: 
aniline,  xylidine,  lydrazlne,  unsymmetrical  dimethyl  nydrazlne,  "Tonka- 
250"  (a  mixture  of  xylidine  with  triethylamlne  in  1:1  proportions), 
kerosene  and  others  [8,  33). 
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TABLE  204 

Energy  Properties,  of  Fuels  Based  on  Nitric  Acid 
[4,  5J 
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1)  Fuel  mixture;  2)  oxldlzer-to- combustible  ra¬ 
tio}  3)  density  of  fuel,  kg/llter;  4)  combus- 

Q 

tlon  chamber  pressure  P^,  kg/cm  ;  5)  combustion- 

chamber  temperature,  °C;  6)  specific  thrust, 
kg •sec/kg;  7)  nitric  acid  +  liquid  hydrogen;  8) 
nitric  acid  +  hydrazine;  9)  nitric  acid  (85^) 
and  nitrogen  tetroxlde  (ISjS)  +  hydrazine;  lO) 
nitric  acid  +  furfuryl  alcohol;  11)  nitric  acid 
(76^)  and  nitrogen  tetroxlde  (22$^)  +  ammonia; 

12)  nitric  acid  (78/^)  and  nitrogen  tetroxlde 
(2256)  +  unsyrametrical  dimethyl  hydrazine;  13) 
nitric  acid  +  aniline;  14)  nitric  acid  {tSjS) 
and  nitrogen  tetroxlde  (22^)  +  dlethylene  tri- 
amine  (80^)  mixed  with  methylamlne  (20j6);  15) 
melange  {90%  HNO^,  10%  HgSOi^)  +  monoethyl  ani¬ 
line;  16)  nitrogen  tetroxlde  +  hydrazine. 


Calculated  energy  characteristics  of  fuels  based  on  nitric  acid 
are  listed  in  Table  204. 

On  an  industrial  scale,  nitric  acid  Is  produced  by  oxidation  of 
ammonia  by  atmospheric  oxygen  In  contact  apparatus  with  a  platinum 


catalyst .  The  nitric  oxide  formed  in  this  process  is  further  oxidized 
in  special  towers  and  autoclaves,  first  to  nitrogen  dioxide  and  then 
to  nitric  acid. 

The  ammonia  used  for  production  of  nitric  acid  is  obtained  by 
direct  synthesis  from  atmospheric  nitrogen  and  hydrogen,  the  latter 
formed  by  passing  water  vapor  through  glowing  coke  ("water  gas")  [3^3 » 

In  the  last  analysis,  therefore,  nitric  acid  is  produced  from  air  and 
water,  ile.,  its  raw-material  resources  are  virtually  unlimited. 

Chemically  pure  nitric  acid  is  a  heavy  colorless  liquid  (density 
1.32''  that  t:il;  at  a  temperature  of  96°  and  freezes  at  -4l.2°.  Its 
heat  of  formation  is  +42.4  kcal/mole  and  its  heat  capacity  is  0.425 
kcal/mole.  Anhydrous  nitric  acid  is  unstable  even  at  subzero  tempera¬ 
tures,  decomposing  in  accordance  with  the  equation 

4HNO,  ^  4N0|+2H,0+0|. 

As  a  result,  concentrated  nitric  acid  always  contains  a  certain 
amount  of  water  and  oxides  of  nitrogen.  The  chemical  industry  pro¬ 
duces  technical  96-98$^  nitric  acid,  which  is  often  referred  to  as  the 
"white  fuming  acid."  This  is  a  heavy  straw- yellow  liquid  with  a  density 
of  1.49-1.50  at  a  temperature  of  20°.  It  "fumes"  in  air  due  to  the 
formation  of  fine  droplets  of  dilute  acid  with  the  atmospheric  mois¬ 
ture.  The  viscosity  of  the  96-98$^  acid  varies  from  2.0  to  0.7  centl- 
poise  in*  the  temperature  range  from  —20°  to  50^C.  The  freezing  point 
depends  on  the  composition  of  the  acid.  The  98.8^  nitric  acid  freezes 
at  -42.3°.  With  diminishing  concentration,  its  freezing  point  is  de¬ 
pressed,  reaching  -68.5°  for  905S  nitric  acid  [6,  35) • 

Nitric  acid  is  virtually  immiscible  with  the  majority  of  hydro¬ 
carbons.  Alcohols,  nitrobenzene,  dlchloroe thane,  ethyl  nitrate  and  other 
nitro-  and  halogen  derivatives  show  excellent  solubility  In  concen¬ 
trated  nitric  acid.  Here,  e.xtreinely  high-explosive  mixtures  are 
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TABLE  205 

Physical  Properties  of  Oxidizers  Based 
on  Nitric  Acid  (USA)  [36] 
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Note.  In  the  USA,  nitric-acid  based 
oxidizers  are  produced  to  conform  to 
Specifications  MPD-579  and  MPD-25508. 

1)  Index;  2^  boiling  point,  °Cj  3)  freez¬ 
ing  point,  ®Cj  4)  below  -50;  5)  density 

at  20*^,  g/cm^;  6)  viscosity  at  20°,  cst; 

7)  vapor  pressure  at  20°,  mm  Hg;  8)  heat 
capacity  kcal/mole. 

formed.  Water  mixes  with  nitric  acid  in  all  proportions.  To  increase 
the  effectiveness  of  concentrated  nitric  acid  as  an  oxidizer  and  to 
Improve  its  thermal  stability,  It  is  frequently  used  in  mixtures  with 
nitrogen  tetroxlde  (about  20^  by  weight)  [35).  Such  a  mixture  has 
higher  oxidizing  properties  and  a  higher  density  than  96-985^  nitric 
acid.  The  nitrogen  tetroxlde  in  nitric-acid- base  oxidizers  undergoes 
partial  dissociation  by  the  equation  NgO^  2N0g,  Here,  the  relative 
content  of  nitrogen  dioxide  increases  with  increasing  temperature. 

The  brown  coloration  of  nltric-acld-base  oxidizers  is  due  to  the 
presence  of  free  nitrogen  dioxide  in  them.  Nitrogen  tetroxlde  shows 
good  solubility  in  concentrated  nitric  acid,  but  only  up  to  a  certain 
conceuti'i.v.ion  limit  above  which  the  system  separates  at  a  given 
temperature.  For  example,  only  about  55/6  of  nitrogen  tetroxlde  dis¬ 
solves  in  nitric  acid  at  a  temperature  of  l6«20°  [S].  Acid  containing 
up  to  20^  of  nitrogen  oxides  is  known  as  "red  fuming  nitric  acid." 
This  Is  a  heavy  orange-brown  liquid  that  fumes  heavily  in  air  as  a 
result  of  evolution  of  brown  nitrogen  dioxide  vapor. 


i 
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Pig.  277.  Density  and  kine¬ 
matic-viscosity  curves  for 
the  KNO^-NOg-HgO  system  at 

0®c.  -  Kinematic  vis¬ 
cosity  in  cst}  - 

density  in  g/cm^.  A)  NOg 

content,  by  weight;  B) 

HgO  content,  ^  by  weight. 


In  the  USA,  the  white  and  red 
fuming  acids  are  used  as  oxidizers 
under  the  designations  WPNA  and  RPNA. 
The  oxidizer  WPNA  represents  96-98^ 
nltrlo  told,  while  HFNA  oontaina 
approximately  155^  of  ’nitrogen  oxides 
and  3/^  of  water  [36].  The  physical 
properties  of  these  oxidizers  are 
listed  in  Table  205. 

The  density  of  oxidizers  based  on 
nitric  acid  depends  on  their  composi¬ 
tion  and  temperature  [37].  On  addi¬ 
tion  of  water,  the  density  diminishes, 
while  it  Increases  with  increasing  con¬ 
tent  of  nitrogen  tetroxide  (Pigs.  277 
and  278). 

An  alignment  chart  (Pig.  278)  may 
be  used  to  determine  the  concentration 
of  water  in  the  oxidizer  from  the  spe¬ 
cific  gravity  of  the  oxidizer  and 


its  nitrogen- oxide  content. 

The  vapor  pressures  of  oxidizers  based  on  nitric  acid  also  depend 
on  their  codiposltion  and  temperature  (Pig.  279)  [37l. 

With  Increasing  content  of  nitrogen  oxides  in  nitric  acid,  its 
vapor  pressure  rises  sharply.  Addition  of  water  to  nitric  acid  that 
contains  a  small  quantity  of  nitrogen  oxides  results  In  depression 
of  the  acid’s  vapor  pressure.  On  the  other  hand,  increasitig  the 
water  content  in  the  KNO^-N^O^-HgO  system  when  the  nitrogen  tetroxide 
concentration  Is  high  (10-20J^)  results  in  a  considerable  rise  In  the 


-  879  - 


Pig.  278.  Density  of  HNO^-NOg-HgO  system  as  a 

function  of  nitrogen- oxide  and  water  contents 
at  20^,  A)  Content  of  oxides  of  nitrogen, 

B)  v^fater  content,  C)  density,  g/cm^. 


system’s  vapor  pressure  due  to  the  reduced  solubility  of  the  nitrogen 
oxides  in  the  diluted  nitric  acid.  Addition  of  water  to  such  an  oxi- 
dlser  x*esults  in  vlgoi'ous  evolution  of  nitrogen  oxides  and  sharp  heat 
ing  of  the  product. 

The  nitrogen  oxides  in  concentrated  nitric  acid  containing  small 
Quantities  of  water  are  chemically  bound  with  the  nitric  acid,  form- 
Itig  associated  molecules  correspond iJig  to  the  formula  NOg'SHNO^  (6, 
38].  This  may  account  for  the  fact  that  the  vapor  pressure  is  smaller 
and  the  density  higher  in  solutions  of  nitrogen  tetroxide  in  nitric 
acid  than  would  be  expected  on  the  basis  of  the  laws  of  Raoult.  van’t 


Fig.  279.  Vapor  pressure 
of  HNO^-NOg-HgO  system  as 

a  function  of  temperature. 

- 056  HgO; - lOjg 

HgO,  A)  Pressure,  mm  Hg; 

B)  temperature,  ®C. 

Hoff  and  others  for  ideal  solutions. 


Fig,  280.  Freezing- 
point  curves  of  HNO^- 

NqOj^^HqO  system.  A) 
HgO  content,  by 
weight;  B)  con¬ 

tent,  ^  by  weight. 


Dissolving  nitrogen  tetroxide  in  nitric  acid  makes  it  possible 
to  produce  an  oxidizer  with  a  low  freezing  point  (below  -60®)  (Pig. 

280)  (37]. 

The  system  containing  about  17S6  of  nitrogen  tetroxide  and  of 
water  has  the  lowest  freezing  point  (—78®) , 

One  of  the  substantial  shortcomings  of  concentrated  nitric  acid 
as  an  oxidizer  is  its  thermal  instability.  Even  at  normal  temperatures 
(20-50°),  it  decomposes  into  nitrogen  tetroxide,  water  and  gaseous 
oxygen.  As  a  result  of  accumulation  of  oxygen  la  the  vapor  phase  of 
the  oxidizer,  large  excess  pressures  (tens  of  atmospheres)  may  be  set 
up  in  a  hermetically  sealed  tank  during  storage. 

The  decomposition  rate  of  nitric  acid  depends  on  its  content  of 


water  and  nitrogen  oxides,  as  well  as  on  temperature. 
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Fig.  281.  Decomposition 
kinetics  of  100^  nitric  acid 
at  76°  and  various  ratios 
between  the  volumes  of  the 
vapor  (V^)  and  liquid  (V) 

phases.  A)  Pressure,  atmos¬ 
pheres;  B)  time,  minutes. 


The  decomposition  kinetics  of 
lOOJ^  nitric  acid  at  a  temperature  or 
76®  and  various  ratios  between  the 
volumes  of  the  vapor  and  liquid 
phases  is  shown  in  Pig,  28l  t39)» 

The  decomposition  rate  of  96% 
nitric  acid  as  a  function  of  tempera¬ 
ture  is  shown  in  Pig.  282, 

With  increasing  content  of  nitro. 
gen  oxides  and  water  in  the  acid,  the 
rate  of  its  decon.^osition  drops  off. 
To  improve  the  thermal  stability  of 
concentrated  nitric  acid,  l6-20S6  of 
nitrogen  tetroxide  is  added  to  it. 


Oxidizers  based  on  nitric  acid  that  contain  about  20^  of  nitrogen 
tetroxide  are  stable  in  storage  for  all  practical  purposes.  It  is 
not  advisable  to  raise  the  stability  of  nitric  acid  by  water  dilu¬ 


tion,  since  the  energy  properties  of  the  oxidizer  deteriorate  sharply 
when  this  is  done. 

One  of  the  most  important  shortcomings  of  oxidizers  based  on 
nitric  acid  is  their  aggressive  action  on  metals  and  nonmetallic 


materials.  Coutiterlng  corrosion  of  the  metals  is  one  of  the  major 
problems  encountered  in  storage  and  use  of  nitric-ac id-based  oxidizers. 
Almost  ail  metals,  with  the  exception  of  gold  and  platinum,  corrode 
to  a  greater  or  lesser  degree  in  concentrated  nitric  acid.  Here  the 


following  chemical  reaction  takes  place: 

Af+an  HNQ,  «  NO,+n  li,0-}*  AT  (NO,)  n, 

where  M  stands  for  a  metal  that  has  a  valence  of  n  in  its  oxidized 


state. 
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The  chemically  most  stable  metals 
used  in  rocket  engineering  are  aluminum 

certain  grades  of  stainless  steel  such 
as  the  chromium  and  chromium- nickel 
steels  [37].  Ordinary  low-carbon  steel 
and  copper,  brass,  bronze,  lead  and  the 


Fig.  282.  Decomposition 
rate  of  965^  nitric  acid 
as  a  function  of  tempera¬ 
ture.  A)  Rate  of  decom¬ 
position,  ^/day;  B)  tem¬ 
perature. 


like  undergo  rapid  deterioration  under 
exposure  to  oxidizers  based  on  nitric 
acid. 


An  undesirable  factor  in  operations 


corrosion,  is  the  formation  of  sediment  during  storage  of  the  oxidizers 
in  aluminum  and  steel  tanks  or  rocket  tanks.  While  they  are  first 
gelatinous  in  nature,  these  sediments  then  condense  and  become  solid 
grains  [6J. 

The  corrosion  rate  rises  significantly  with  Increasing  tempera¬ 
ture.  The  corrosion  rate  of  aluminum  and  stainless  steels  in  oxidizers 
based  on  niti'ic  acid  is  ten  times  higher  at  90^  than  at  a  moderate 
temperature  (13-20^). 

Various  inhibitors  are  Inti'oduced  to  reduce  corrosion  of  metals 
in  oxidiaers  based  on  nitric  acid  t35]»  Por  example,  hydrofluoric 
acid  (Hi*”)  added  to  nitric  add  in  a  quantity  of  0.4-0. Sjg  (by  weight) 
lowers  the  corrosion  rate  of  aliarjinum  and  stainless  steels  in  both 
the  vapor  and  liquid  phases  by  a  factor  of  several  hundred  (37).  The 
InhibitiJiig  action  of  hydrofluoric  add  is  accounted  for  in  terms  of 
formation  or  a  protective  fluoride  film  on  the- metal  * s  surface. 

Orthophosphoric  and  sulfuric  adds  are  also  employed  as  corrosion 
inhibitors.  The  addition  of  about  of  orthophosphoric  acid  to  nitric 
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acid  containing  of  nitrogen  tetroxide  reduces  the  corrosion  of 
SAE-1020  steel  by  a  factor  of  approximately  10  [40]. 

Concentrated  nitric  acid  mixed  with  10^  of  sulfuric  acid,  which  vv' 
is  known  to  the  engineer  as  melange,  can  be  stored  and  shipped  in  or¬ 
dinary  steel  tank  cars.  The  addition  of  sulfuric  to  nitric  acid  im¬ 
proves  the  oxidizer’s  ignition  properties  but  is  detrimental  to  its 
energy  characteristics. 

A  shortcoming  of  concentrated  nitric  acid  is  its  strongly  mani¬ 
fested  hygroscopic ity.  Dilute  nitric  acid  is  characterized  by  higher 
chemical  activity  toward  metals  than  is  the  concentrated  acid.  This 
factor  must  be  taken  into  account  in  operations  with  the  oxidizers. 

If  tne  storage  or  rocket  tanks  holding  the  concentrated  nitric  acid 
are  not  sufficiently  airtight,  particularly  at  points  where  there  are 
threaded  and  flanged  connections,  the  oxidizer  vapor  forms  the  dilute 
acid  with  moisture  of  the  air  and  this,  condensing  on  the  metal  sur¬ 
face,  causes  intensive  corrosion.  A  similar  effect  may  also  be  ob¬ 
served  at  points  of  seepage  and  sweating  of  the  nitric  acid. 

Oxidizers  based  on  nitric  acid  attack 
the  majority  of  nonraetallic  materials:  wood, 
fabrics,  cardboard,  rubber,  most  plastics, 
and  so  forth.  Pluoroplasts,  woven  glass, 
ceramics,  and  various  lubricants  based  on 
fluorinated  hydrocarbons  are  stable  in  them 
for  practical  purposes. 

Nltrlc-acld-base  oxidizers  are  stored 
and  transported  in  special  containers  (tanks, 
tank  -cax's,  drums)  made  from  aluininum  or  alu¬ 
minum  alloys  or  from  stainless  steel  [35,  37].  Underground  and  liair- 
buried  storage  facilities  are  used  in  the  USA.  with  each  reservoir 
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Pig.  283.  Spherical 
tank  for  storage  and 
riVil  fniicnt  of  red  fum¬ 
ing  nitric  acid. 


fitted  with  Its  own  pumping  facilities,  plumbing  and  other  necessary 
equipment  [ 35 ] • 

Special  spherical  aluminum  tanks  with  a  capacity  of  1440  liters 
and  weighing  l8O0  kg  are  produced  for  storage  and  shipment  of  red  fum¬ 
ing  nitric  acid  in  the  USAj  these  are  designed  for  a  working  pressure 
of  14  atmospheres  (Pig.  283)  [4l,  42]. 

Oxidizers  based  on  nitric  acid  may  also  be  stored  in  ordinary 
steel  reservoirs  that  have  been  inside-coated  with  fluoroplast  or  some 
other  chemically  stable  material  [35]. 

Nitric-acid-base  oxidizers  are  exceedingly  aggressive  products 
whose  handling  requires  observance  of  special  precautionary  measures. 
Protective  clothing  is  worn  for  work  with  the  oxidizers  —  coveralls 
or  aprons,  rubber  boots  and  gloves,  gas  masks  or  protective  goggles,, 
and  so  forth.  The  most  reliable  protection  is  afforded  by  clothing 
made  from  glass  fabric  that  has  been  impregnated  with  an  acid-resistant 
plastic  of  the  teflon  type.  Clothing  made  from  polyethylene  or  Steklovi 
nit  cloth  may  also  be  used  [35]. 

Serious  attention  must  be  given  to  fire- prevention  measures  in 
storage  of  nitric-acld-base  oxidizers,  since  on  coining  into  contact 
with  combustible  materials,  these  oxidizers  may  ignite  them. 

Oxides  of  Nitrogen 

Apart  from  nitric  acid,  the  oxygen  compounds  of  nitrogen  also 
include  nitrogen  pentoxide  or  nitric  anhydride,  nitrogen  tetroxide, 
nitrogen  trioxlde  or  niti-ous  anhydride,  nitric  oxide  and  nitrous 
oxide,  which  is  also  known  as  "laughing  gas." 

The  physicochemical  properties  of  nitrogen  oxides  are  given  in 
Table  206. 

All  oxides  of  nitrogen  with  the  exception  of  NgO  are  more  effec¬ 
tive  as  regards  energy  properties  than  nitric  acid,  whose  heating 


TABLE  206 

Physicochemical  Properties  of  Nitrogen  Oxides 
[30,  43] 
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weight;  4)  density,  g/cm^  5)  freezing  point, 

C;  6)  boiling  point,  °C;  7)  heat  of  formation, 
kcal/mole;  B)  heating  value  with  toluene,  kcal/ 
kg;  9)  nitrogen  pentoxlde;  10)  sublimates  at  32; 

II)  decomposes;  12^  nitrogen  tetroxide;  13)  ni¬ 
trogen  trioxlde;  14)  nitric  oxide;  I5)  nitrous 
oxide. 


value  with  toluene  is  1470  kcal/kg. 

As  regards  energy  properties,  nitrogen  pentoxlde  is  most  effec¬ 
tive  as  an  oxidizer.  However,  it  has  not  come  into  practical  use  be¬ 
cause  of  its  thermal  instability.  Even  at  normal  temperatures,  nitro¬ 
gen  pentoxlde  decomposes  rapidly  into  nitrogen  tetroxide  and  gasev/is 
oxygen: 

**♦  NjOj-l*  Q|. 

Of  all  of  the  above  oxides,  nitrogen  tetroxide  is  of  the  greatest 
practical  Interest.  It  is  a  stable  product  whose  effectiveness  is  in¬ 
ferior  only  to  that  of  nitrogen  pentoxlde. 

Nitrogen  tetroxide  in  pure  form  has  not  yet  come  into  extensive 
use  in  rocket  engineering  because  of  the  narrow  temperature  range  in 
which  it  exists  in  liquid  form  at  atmospheric  pressure  (—11.8*^  to 
+  21.2^). 

Niti'Ogen  tetroxide  is  mixed  with  nitric  oxide  to  depress  its 
freezing  point.  The  mixture  conslstltig  of  70$^  NgO^^  and  NO  freezes 
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Fig.  284.  Vapor  pres¬ 
sure  of  nitrogen 
tetroxide  as  a  func¬ 
tion  of  temperature. 

Pressure,  mm  Hg; 

2)  temperature,  °C. 


at  -80”  [36] . 

As  regards  its  energy  properties,  such 
a  mixture  yields  nothing  to  pure  nitrogen 
tetroxide, 

A  deficiency  of  the  mixture  is  its  low 
boiling  point  (—20®) .  At  20®,  the  vapor 
pressure  of  such  an  oxidizer  reaches  6  atmos¬ 
pheres  [  36  j . 

At  normal  temperature,  nitrogen  tetrox¬ 
ide  is  a  pale  yellow  liquid  whose  color  turns 
to  brown  as  the  temperature  is  raised.  This 
takes  place  as  a  result  of  dissociation  of 
the  nitrogen  tetroxide  in  accordance  with 


the  equation 


N.O*  sJ  2NO,. 


Nitrogen  tetroxide  is  approximately  20$^  dissociated  at  25®> 
at  50®,  and  completely  dissociated  at  I50®. 

As  a  result  of  dissociation  of  nitrogen  tetroxide,  its  vapor 
pressure  rises  sharply  as  the  temperature  is  elevated  (Pig.  234). 

Nitrogen  tetroxide  is  readily  soluble  in  concentrated  nitric  acid, 
tetranitromethane  and  certain  organic  substances;  carbon  disulfide, 
aromatic  hydrocarbons,  naphthenes,  and  liquid  paraffins,  with  which  it 
forms  stable  solutions.  Unsaturated  hydrocarbons,  alcohols,  amines 
and  a  number  of  other  classes  of  organic  compounds  react  energetically 
with  nitrogen  tetroxide,  frequently  bursting  into  flame.  It  reacts 
with  water  in  accordance  with  the  equation 

NA+HtOcsHNOi+HNOi. 

With  regard  to  metals,  pure  nitrogen  tetroxide  is  considerably 
less  active  than  concentrated  nitric  acid.  NgO^^  is  stored  and  shipped 
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in  steel  bottles.  Aluminum  and  steel  tank  cars  and  drums  may  also  ue 
used  for  these  purposes  [6,  4], 

TETRANITROMETHANE 

Tetranltromethane  C(N02)4>  whose  molecule  contains  a  large  quan¬ 
tity  of  active  oxygen,  is  a  promising  oxidizer,  and  more  effective 
than  concentrated  nitric  acid. 


2.^tMnepaanipa,  *C 

Pig.  285.  Vapor  pressure 
of  tetranitromethane  as 
a  function  of  tempera¬ 
ture.  1)  Vapor  pressure, 
rnm  Hgj  2)  temperature, 
°C. 


Tetranitromethane  is  produced  by  ni¬ 
tration  of  acetylene  with  nitric  acid  (453 
The  reaction  takes  place  in  accordance 
with  the  following  over-all  equation: 

.  5HC=CH+38HNO,  -♦  G(NO,)*-f  7C0,+260a+24H5,0. 

Tetranitromethane  is  a  heavy  mobile 
liquid  with  a  faint  green  coloration  and 
a  sharp  odor.  Pure  tetranitromethane  has 
a  density  of  1.643  at  a  temperature  of  20® 
bolls  at  125®  and  freezes  at  +13 .Q®  [6]. 

The  dependence  of  its  vapor  pressure 


on  temperature  is  shown  in  Pig.  285. 

The  heat  of  formation  of  tetranitromethane  is  8.9  kcal  [46]. 

Its  viscosity  at  I5®  is  O.OI65  poise. 

At  normal  temperature,  tetranitromethane  is  a  stable  substance 
and  can  be  stored  for  years  without  undergoing  any  noticeable  changes. 
Only  when  heated  above  100®  does  it  undergo  partial  decomposition  with 
i‘or‘m«.'«lon  of  nitrogen  oxides  and  carbon  dioxide.  It  has  very  low  solu¬ 
bility  in  water.  It  is  stable  in  acid  and  neutral  media.  Tetranitro- 
methane  reacts  with  alkalis  bo  form  explosive  nltroform  salts  [6], 
Tetranitromethane  is  Itself  a  low  explosive.  Its  mixtures  with  hydro¬ 
carbons  are  highly  explosive  (453.  An  Important  advantage  of  tetra¬ 


nitromethane  over  nitric  acid  is  its  low  corrosive  activity  with  re- 


t:'; 

si)ect  to  structural  metals  and  alloys.  •  ^ 

Glass,  stainless  steel,  aluminum  and  lead  do  not  corrode  in  tetra-  f,] 
nitromethane.  Iron,  copper,  and  even  polyvinyl  chloride  react  readily 
with  it.  Brass,  zinc,  rubber  and  polyisobutylene  deteriorate  markedly 
in  contact  with  tetranltromethane  [43], 

An  essential  disadvantage  of  tetranltromethane,  and  one  that 
represents  an  obstacle  to  its  use  in  pure  form,  is  its  high  freezing 
point  (+13.8®),  In  view  of  this,  it  is  recommended  that  tetranltro¬ 
methane  be  used  after  mixing  with  nitrogen  tetroxide.  A  mixture  con¬ 
sisting  of  70^  tetranltromethane  and  30$^  nitrogen  tetroxide  freezes 
at  a  temperature  below  —25°  [4?].  Here,  the  oxidizer’s  energy  proper¬ 
ties  remain  practically  the  same  as  those  of  pure  tetranltromethane. 

Tetranltromethane  is  poisonous  and  severely  irritates  the  mucous 
membranes  of  the  eye,  nose,  and  respiratory  tract.  Symptoms  of  chronic 
tetranltromethane  poisoning  Include  persistent  headaches,  fatigue, 
languor  and  bradycardia. 

Prolonged  exposure  of  the  organism  to  tetranltromethane  gives 
rise  to  nervous  disorders  and  impaired  cardiac  activity  [45], 

FLUORINE  AND  FLUORINE  COMPOUNDS 


Liquid  fluorine  and  certain  of  its  compounds  —  fluorine  monoxide, 
chlorine  trifluoride,  nitroxyfluorlde,  bromine  pentafluoride,  nitrogen 
trlfluorlde,  t etraf luorohydrazine,  and  others  -  are  worthy  of  atten-  ^ 
tion  as  promising  oxidizers  [1,  2,  36,  53] .  '•/ 

The  physical  parameters  of  fluorine  and  some  of  its  derivatives 
are  listed  in  Table  207.  1 

The  basic  energy  characteristics  of  fuels  based  on  liquid  flu-  > 

orine  and  some  of  its  derivatives  are  listed  in  Table  208. 

•  f'* 

Liquid  Fluorine  ^ 

Fluorine  is  one  of  the  roost  reactive  chemical  elements.  The  high 
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TABLE  207 

Physical  Parameters  of  Fluorine  and  its  Derlva. 
tlves  [6,  9] 
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1,51  (-40) 
1,92  -208) 
2,47(20) 

'-;23,0 

-223,8 

-163,5 

-82,6 

-176,0 

-208,5 

-61,3 

-187,0 

-144,8 

-57,0 

ri2.l 

-45,9 

-129,0 

+40,5 

3120 

3270 

3130 

2100 

2640 

2240 

1780 

1)  Oxidizer}  2)  chemical^formula;  3)  molecular 

gelght}  4)  density,  g/cm  ;  5)  freezing  point, 

0}  6)  boiling  point .  °C;  7)  heating  value  with 
hydrogen;  kcal/kg;  8)  fluorine;  9)  fluorine 
monoxide;  10)  fluorine  peroxide;  11)  chlorine 
trifluorlde;  12)  nitroxyfluorlde;  13)  nitrogen 
trlfluorlde;  l4)  bromine  pentaf luoride . 


potential  of  fluorine  as  an  oxidizer  has;  long  attracted  the  attention 
of  investigators  [6], 

The  ZhRD  fuels  presently  in  widespread  use  make  possible  specific 
thrusts  of  only  about  230-280  kg* sec/kg  with  a  35-atmo3phere  combus¬ 
tion-chamber  pressure  [48],  Liquid  fluorine  is  the  most  powerful  of 
all  known  oxidizers.  In  combination  with  such  combustibles  as  hydra¬ 
zine  or  ammonia,  It  delivers  a  specific  thrust  of  about  305-316  kg* 

p 

•sec/kg  at  a  chamber  pressure  of  25  kg/cm  ,  or  373  kg* sec/kg  with 
liquid  hydrogen  [48,  49], 

Under  normal  conditions,  free  fluorine  is  a  greenish-yellow  gas 
with  a  sharp  unpleasant  odor.  Liquid  fluorine  Is  yellow  In  color.  Its 
viscosity  at  the  boiling  point  Is  2.75  centlpolses,  and  the  latent 
heat  of  evaporation  is  1,58  kcal/mole. 

The  chemical  properties  of  fluorine  are  determined  by  Its  high 
affinity  to  the  electron.  All  reactions  with  fluorine  take  place  by 
donation  of  electrons  from  atoms  of  other  elements,  l.e.,  the  fluorine 
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TABLE  208 

Energy  Characteristics  of  Fuels  Based  on  Liquid 
Fluorine  and  Certain  of  its  Derivatives  [5] 
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Note.  The  combustion- chamber  pressure  is 

-  2 

assumed  equal  to  28  kg/cm  . 

I)  Fuel  mixture;  2)  oxidiser- to- combustible  ra¬ 
tio;  3)  density  of  fuel,  kg/liter:  4)  tempera¬ 
ture  in  combustion  chamber,  °C;  5)  specific 
thrust,  kg* sec/kg;  6)  fluorine  +  hydrogen;  7) 
fluorine  +  hydrogen;  8)  fluorine  +  hydrazine; 

9)  fluorine  +  ammonia;  10)  fluorine  +  diborane; 

II)  fluorine  +  JP-4  fuel;  12)  fluorine  monoxide 
+  ammonia;  13)  fluorine  monoxide  +  hydrazine; 
l4)  chlorine  trifluoride  +  ammonia;  15)  chlorine 
trifluoride  +  hydrazine;  I6)  bromine  pentaflu- 
oride  +  ammonia;  17)  fluorine  (50S6)  and  nitrogen 
trifluoride  (50sS)  +  ammonia. 


is  always  the  oxidizer.  Even  at  ordinary  temperatures,  it  reacts 
vigorously  with  almost  all  organic  and  inorganic  substances,  and  the 
reactions  are  accompanied  by  evolution  of  a  large  quantity  of  heat  and 
frequently  a  flame.  Chlorine  burns  in  a  fluorine  atmosphere.  Hydro¬ 
carbons  burn  in  fluorine  Just  as  they  would  in  oxygen.  Inert  gases, 
fluorides  of  heavy  metals,  fluoroplasts  and  such  elements  as  bismuth, 
zinc,  tin,  lead,  gold  and  platinum  do  not  react  or  react  only  insig¬ 
nificantly  with  fluorine.  Copper,  chromium,  manganese,  nickel,  monel 
metal,  stainless  steel  and  aluminum  are  practically  stable  in  contact 
with  fluorine  when  water  is  absent,  due  to  the  formation  of  a  bough 
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protective  film  of  the  corresponding  fluoride  on  their  surfaces. 

At  elevated  temperatures,  nickel  and  its  alloys,  as  well  as  stainle.: 
steel,  show  satisfactory  stability  [6], 

Fluorine  reacts  with  water  to  form  hydrogen  fluoride  and  oxygen, 
as  well  as  small  quantities  of  ozone,  hydrogen  peroxide  and  fluorine 
monoxide.  In  the  presence  of  a  spark,  fluorine  reacts  explosively  with 
atmospheric  moisture. 

Before  the  Second  World  War,  elementary  fluorine  had  been  pro¬ 
duced  only  in  small  quantities  for  laboratory  purposes.  The  develop¬ 
ment  of  research  in  atondc  energy  necessitated  creation  of  a  large 
capacity  for  production  of  the  fluorine  needed  to  produce  uranium 
hexafluoride  [50]. 

Liquid  fluorine  is  now  produced  Industrially  in  large  quantities 
[51].  The  element  has  a  broad  raw-material  base.  Its  total  content  in 
the  Earth's  crust  is  0,02J^.  The  basic  natural  starting  material  for 
the  production  of  fluorine  is  fluorspar  (CaPg)  [49]. 

One  of  the  basic  shortcomings  of  liquid  fluorine,  as  in  the  case 
of  liquid  oxygen,  is  its  low  boiling  point  (-187°) ,  Under  normal  con¬ 
ditions,  it  evaporates  continuously  and  contaminates  the  atmosphere 
with  poisonous  fumes.  It  has  been  necessary  to  develop  special  appara¬ 
tus  for  the  storage  and  shipment  of  liquid  fluorine,  and  to  take 
special  precautionary  measures  in  work  with  it. 

Gaseous  fluorine  is  stored  and  transported  in  seamless  bottles 
under  high  pressure.  For  the  storage  of  liquid  fluorine  in  the  USA, 
for  example,  special  reservoirs  made  from  stainless  steel  or  aluminum 
have  been  developed  [51] »  They  consist  of  three  horizontal  resurvoiro 
inserted  one  inside  another.  The  first  (Internal)  reservoir  is  filled 
with  liquid  fluorine.  The  space  between  the  walls  of  the  first  arid 
second  reservoirs  is  filled  with  liquid  nitrogen,  whose  boiling  point 
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is  14*^  lower  than  that  of  fluorine.  This  circumstance  makes  it  possible 
to  store  liquid  fluorine  under  a  light  vacuum  and  prevent  it  from  leak¬ 
ing  into  the  atmosphere.  A  heat- Insulating  material  is  placed  between 
the  walls  of  the  second  and  third  reservoirs.  Reservoirs  for  shipment 
of  liquid  fluorine  are  similarly  constructed)  these  are  carried  on 
special  truck  trailers  or  railroad  platform  cars. 

At  the  present  time,  liquid  fluorine  in  large  quantities  is 
shipped  in  special  tank  trucks  in  the  USA  [18],  Transfer  of  the  liquid 
fluorine  to  the  customer's  capacity  is  accomplished  by  setting  up  an 
excess  pressure  ir  the  reservoir  with  helium  or  by  preheating  the  flu¬ 
orine  in  a  special  tubing  system. 

A  negative  property  of  fluorine  is  its  high  toxicity.  It  has  a 
destructive  effect  on  the  mucous  membranes  of  the  eyes,  nose  and 
respiratory  tract,  as  well  as  on  the  integument.  Even  brief  residence 
in  a  fluorine  atmosphere  may  have  a  fatal  outcome.  The  admissible 
concentration  of  fluorine  vapor  in  air  is  0.001  mg/liter  [20] .  Placing 
a  finger  or  hand  into  an  atmosphere  of  pure  fluorine  results  in  the 
formation  of  lesions. 

Neoprene  jackets,  trousers,  boots  and  gloves  are  used  to  protect 
the  skin  from  fluorine,  and  a  closed-circuit  gas  mask  to  protect  the 
respiratory  organs  and  the  eyes.  It  is  recommended  that  goggles  have 
metallic  frames,  since  plastic  frames  may  ignite  In  a  fluorine  atmos¬ 
phere  [6j.  Liquid  fluorine  may  be  neutralized  with  bicarbonate  of 
soda  or  o  .-oiui.ion  of  calcined  soda  [l8].  Use  of  water  to  extinguish 
fires  that  nave  broken  out  as  a  result  of  contact  between  fluorine 
and  organic  mauorials  is  not  recommended,  since  the  fluorine  reacts 
with  it  vh^orou.;ly  to  form  toxic  hydrogen  fluoride. 

Fluor  in  a  K  iox  I.  ic 

AmOi.,.  r.c  fluorine  derivatives,  the  most  effective  oxidizer  is 


fluorine  monoxide  (OF2) *  advantages  over  fluorine  conslsc  in  ■ 
higher  boiling  point  (-144.8°)  and  a  higher  specific  gravity  (1.5’), 
while  exceptionally  high  toxicity  Is  a  drawback.  The  admissible  con¬ 
centration  of  fluorine  monoxide  vapor  In  air  is  0.00001  mg/llter  [20  . 
At  the  temperature  of  liquid  air,  fluorine  monoxide  is  a  yellow  liqu.. 
with  brownish  overtones.  As  compared  with  fluorine,  the  monoxide  is 
distinguished  by  lower  chemical  activity  as  a  result  of  a  higher  ac¬ 
tivation  energy  of  decomposition.  Self- ignition  does  not  occur  when 
fluorine  monoxide  is  mixed  with  hydrogen,  methane  and  other  organic 
substances  [9].  Concentrated  alkali  solutions  decompose  it. 

Fluorine  monoxide  can  be  prepared  by  passing  fluorine  through  a 
27%  solution  of  alkali  by  the  reaction  [6,  9] 

2F,+2NaOH  -♦  0F,+2NaF+H80. 

Chlorine  Trifluoride 

Chlorine  trifluoride  is  a  promising  oxidizing  agent.  It  delivers 
approximately  the  same  potential  specific  thrust  as  nitrogen  tetroxlde. 

Chlorine  trlfluoride  is  most  effective  when  used  in  combination 
with  combustibles  based  on  amines  or  hydrazines.  It  is  less  effective 
with  hydrocarbon  combustibles  [36]. 

Under  normal  conditions,  chlorine  trlfluoride  is  a  light  green 

gas. 

Liquid  chlorine  trlfluoride  is  characterized  by  a  comparatively 
high  boiling  point  (+11.3*^),  a  low  freezing  point  (-76.3°),  a  nigh 
density  (I.85  at  the  boiling  point)  and  satisfactory  energy  properties. 
These  facts,  together  with  the  possibility  of  storing  it  in  tanks  made 
of  ox*dinary  steel,  enable  us  to  regard  chlorine  trlfluoride  us  u 
promising  oxidizer  (52,  53l«  It  is  produced  as  a  result  of  reaction 
of  fluorine  with  chlorine  in  a  mixture  with  nitrogen  in  a  copper  or 
nickel  reactor  at  a  tempex'ature  of  280°,  with  subsequent  cooling  of 
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the  gas  mixture  to  —70®  [9]. 

Chlorine  trlfluorlde  is  produced  on  an  industrial  scale.  As  re¬ 
gards  its  chemical  properties,  chlorine  trifluoride  is  an  extremely 
reactive  substance.  Many  organic  substances  Ignite  spontaneously  on 
contact  with  it,  as  does  glass  wool.  It  reacts  explosively  with 
water. 

Nltroxyfluoride  (Fluorine  Nitrate) 

Nitroxyfluoride  Is  known  as  one  of  the  most  powerful  oxidizers 
[6].  Under  normal  conditions,  it  is  a  colorless  gas  with  a  character¬ 
istic  pungent  odor  and  possesses  high  toxicity.  It  is  produced  in  the 
reaction  of  fluorine  with  concentrated  nitric  acid  in  accordance  with 
the  equation  [54] 

HXOa  fF,  -*  PNO,+HP. 

Liquid  nitroxyfluoride  has  a  density  1.5  times  that  of  liquid 
oxygen.  The  use  of  nitroxyfluoride  as  an  oxidizer  in  pure  fom  is 
rendered  difficult  by  the  fact  that  it  possesses  explosive  properties 

Bromine  pentafluoride  also  merits  attention  as  an  oxidizeri  under 
normal  conditions,  this  is  a  liquid  that  boils  at  +40.5^  and  freezes 
at  -6l.3°*  This  is  one  of  the  heaviest  oxidizers.  Its  specific  gravity 
at  a  temperature  of  20®  is  2.4?  (9l.  Bromine  pentafluoride  is  an 
extremely  stable  substance  that  does  not  decompose  even  at  46o®. 
Bromine  pentafluoride  is  an  effective  oxidizer,  as  is  chlorine  tri- 
fluoride  (5.  53J. 

PERCHLORIC  ACID  AND  CHLORINE  OXIDES 

Oxygen  compounds  of  chlorine,  which  are  characterized  by  high 
chemical  activity,  may  be  employed  as  oxidizers  for  ZhRD  t9l*  Anhy¬ 
drous  perchloric  acid  (HCIO^)  and  chlorine  heptoxide  (ClgOy)  are  of 
practical  interest.  The  salts  of  perchloric  acid  (chlorates  and  per- 


chlorates)  have  come  into  use  as  oxidizing  components  in  solid  rctk-  • 
fuels  [56] , 

Chemically  pure  perchloric  acid  is  a  colorless  liquid  that  fume 
in  air,  has  a  density  of  1,77>  and  freezes  at  a  temperature  of  —112°. 
The  low  freezing  point,  high  density  and  high  effectiveness  make  this 
oxidizer  highly  attractive  for  applications  in  rocket  engineering. 

The  boiling  point  of  perchloric  acid  is  110°.  On  heating  above  90°, 

0 

however,  the  acid  decomposes  violently.  Complete  decomposition  of  per¬ 
chloric  acid  takes  place  with  evolution  of  heat,  in  accordance  with 
the  equation 

Ha04-»-^  140+ 4*CI» -1-1.75  0,+15.7kcal. 

Perchloric  acid  that  has  been  subject  to  partial  decomposition 
is  colored  from  dark  red  to  brownish.  Unlike  chlorine  oxides,  pure 
perchloric  acid  has  no  explosive  properties.  However,  addition  of 
small  quantities  (35^)  of  organic  substances  to  it  results  in  formation 
of  a  highly  explosive  mixture  [93.  Partially  decomposed  perchloric 
acid  explodes  as  a  result  of  accumulation  of  chlorine  dioxide,  which 
has  strong  explosive  properties.  When  perchloric  a^cld  is  stored,  it 
decomposes  in  accordance  with  the  equatio. 

3IIC10*  ajOj+HjOHCfOi, 

CUO, 2010,+ 1 4-0,. 

The  decomposition  of  perchloric  acid,  which  is  autocatalyt ! c  in 
nature,  is  one  of  its  most  iroporta.Mt  shortcomings.  Another  Important 
deficiency  of  perchloric  acid  Is  its  strongly  manifested  hygroscoplclty 
which  leads  to  the  fonaation  of  hydrates  and,  as  a  XN!»suIt,  a  sharp 
rise  in  the  freezing  po.^nt.  Adc  ition  of  one  molecule  of  water  to  the 
perchlorlc-aclU  molecule  (HClO^  ’11^0)  raises  the  freezing  point  of  the 
acid  from  —112°  to  i.o.,  by  162°.  This  Is  accompanied  by  a  sharp 
increase  in  the  viscosity  of  the  perchloric  acid. 
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Organic  substances  (amines,  unsaturated  hydrocarbons,  rubber, 
paper,  cloth,  wood  and  others)  self~ignite,  sometimes  explosively, 
on  contact  with  perchloric  aoid.  On  striking  the  skin,  it  produces 
deep  painful  burns.  Aluminum  arid  stainless  steel  are  quite  stable  in 
perchloric  acid.  Iron  and  ordinary  steels  corrode  rapidly  in  It. 

At  normal  temperatures,  chlorine  heptoxide  is  a  heavy  colorless 
oil  that  freezes  at  a  temperature  of  -83»1°  and  boils  at  80.1°  [6], 

Its  density  is  approximately  the  same  as  that  of  perchloric  acid.  In 
storage,  chlorine  heptoxide  undergoes  noticeable  decomposition.  Like 
other  oxygen  compounds  of  chlorine,  it  has  a  tendency  to  explode 
under  certain  conditions.  Organic  materials  (wood,  paper,  and  so 
forth)  self- ignite  on  contact  with  chlorine  heptoxide.  It  reacts  with 
water  to  form  perchloric  acid.  Despite  its  essential  shortcomings, 
chlorine  heptoxide  is  of  interest  as  an  oxidizer.  Calculations  indi¬ 
cate  that  a  mixture  of  chlorine  heptoxide  (85^)  and  nitrogen  tetrox- 
ide  (15^)  is  a  more  effective  oxidizer  than  nitric  acid  containing 
22^  of  nitrogen  tetroxide  [5]. 
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Chapter  27 


MONOPROPELLANTS  FOR  LIQUID  ENGINES 
Monopropellants  consist  of  substances  whose  molecules  contain 
(in  jhelr  composition)  combustible  elements  and  the  required  oxygen 
for  combustion,  as  well  as  stable  mixtures  (solutions)  of  combustibles 
and  oxidizers  that  do  not  enter  Into  chemical  reactions  with  one  ano¬ 
ther  at  standard  temperatures.  Such  propellants  do  not  require  the 
supply  of  an  oxidizer  Into  the  combustion  chamber  during  combustion. 

Monopropellants  also  Include  the  endothermic  compounds  which  lib¬ 
erate  a  great  quantity  of  heat  and  gaseous  products  as  they  decompose. 

The  advantage  of  monopropellants  over  bipropellants  lies  In  the 
possibility  of  simplifying  the  feed  systems  and  in  the  related  possi¬ 
bility  of  reducing  engine  weight,  since  the  utilization  of  monopropel¬ 
lants  eliminates  the  need  for  a  second  fuel  tank,  a  pump,  for  devices 
to  mix  the  fuel  components  In  the  combustion  chamber,  etc. 

The  danger  of  explosion  and  the  comparatively  low  heat  of  combus¬ 
tion  are  significant  shortcomings  which  stand  In  t^  way  of  the  exten¬ 
sive  utilization  of  monopropellants  In  ZhRD  (liquid  engines).  With  a 
combustible -oxidizer  ratio  equal  to  or  close  to  the  stoichiometric, 
monopropellants  tend  to  detonation  under  the  action  of  friction.  Im¬ 
pact,  heating,  or  similar  factors.  In  order  to  reduce  the  danger  of 
explosion  It  beot^tes  necessary  to  design  systems  exhibiting  a  negative 
oxygen  balance,  and  this  results  In  Incomplete  combustion,  which.  In 
turn,  has  as  Its  consequence  a  reduction  In  the  heat  of  conrt)ustlon  of 
the  propellant. 


Monopropellants  are  Individual  compounds  or  homogeneous  mixtures 
that  are  characterized  by  a  constancy  of  the  basic  characteristics 
(heats  of  combustionj,  the  excess  oxidizer  ratio,  the  burning  rate, 
etc. ) ,  determined  by  the  composition  of  the  propellant. 

At  the  present  time  monopropeilants  are  used  primarily  as  auxil¬ 
iary  fuels  (propellants). 

To  start  engines  operating  on  monopropellants  a  special  ignition 
system  is  required. 

MONOPROPEIiANTS  OP  MOLECULAR  COMPOSITION 

The  liquids  containing  chemically  combined  oxygen  in  their  mole¬ 
cules  in  quantities  adequate  to  provide  for  normal  combustion  are  in¬ 
cluded  in  this  class  of  propellants. 

The  esters  of  nitric  acid  and  various  mon-,  bi-,  and  triatomlc 
alcohols  (methyl  nitrate,  diethyleneglycol  dinitrate,  trlnltroglycer- 
ine),  liquid  nitroparafflns  (nitromethane,  nltropropane) ,  etc.,  can  be 
used  as  such  propellants  [1,  2]. 

The  physicochemical  properties  of  certain  nitro  esters  and  the 
lower  nitropai'affins  are  presented  in  Tables  209  and  210  [1,  3]. 

Of  the  nitro-esters  presented  in  Table  209  glycerine  trinitrate, 
ethyleneglycol  dinitrate,  and  methyl  nitrate  are  particularly  note¬ 
worthy  in  teims  of  the  magnitude  of  the  heat  of  combustion  and  in 
teims  of  density.  All  three  compounds  are  readily  accessible.  They  are 
derived  by  the  nitration  of  the  corresponding  alcohols  with  a  mixture 
of  concentrated  nitric  and  sulfuric  acids. 

In  pure  foim  and  at  normal  temperatures  these  compounds  are  quite 
stable.  However,  they  exhibit  a  great  tendency  to  detonation,  and  this 
is  brcuijht  about  by  the  high  oxygen  content  in  their  molecules.  In  the 
ethyleneglycol -dinitrate  molecule  the  quantity  of  oxygen  corresponds 
to  the  ;?•  olchiomcti'ic,  and  in  the  glycerine-trinitrate  molecule  the 
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quantity  of  oxygen  Is  even  higher  than  the  stoichiometric.  3uch 
pounds  may  be  made  to  explode  as  a  result  of  a  shock,  friction,  a  - 
nounced  increase  in  temperature  and  pressure,  contamination,  and  sin  - 
liar  factors.  As  a  result  they  are  dangerous  to  handle  and  little 
suited  for  utilization  as  propellants  for  liquid  engines. 

No  effective  means  have  as  yet  been  found  to  suppress  detonation 
without  Impairing  the  basic  properties  of  these  propellants. 

To  reduce  the  danger  of  explosion  from  these  monopropellants, 
they  may  be  employed  in  a  mixture  with  inert  and  e:35)loslon-safe  sub¬ 
stances  that  do  not  contain  oxygen,  or  contain  oxygen  in  small  quanti¬ 
ties.  We  know,  for  example,  of  the  use  of  a  mixture  consisting  of  70^ 
methyl  nitrate  and  methyl  alcohol  [1].  The  utilization  of  similar 
mixtures  provides  for  more  uniform  propellant  combustion,  but  the  com¬ 
pleteness  of  combustion  in  this  case  diminishes  as  a  result  of  a  lack 
of  oxygen  to  oxidize  the  combustible  elements  of  the  actual  propellant 
and  the  solvent. 

The  dilution  of  methyl  nitrate  with  30jS  methyl  alcohol  reduces 
the  heat  of  combustion  to  7^0  kcal/kg,  i.  e. ,  by  a  factor  of  almost  two 
in  comparison  with  pure  nltro  esters.  In  terms  of  the  heat  of  combus¬ 
tion  such  a  mixture  corresponds  virtually  to  pure  ethyl  nitrate  (see 
Table  209),  sind  this  indicates  the  fact  that  there  is  little  x)olnt  in 
using  such  mixtures,  especially  when  we  consider  the  fact  that  they 
are  not  completely  safe. 

In  the  USA  a  mixture  of  ethyl  nitrate  with  propyl  nitrate  (speci¬ 
fication  MIL-E-26603}  is  used  as  a  nitro-ester  monopropellant  in  aux¬ 
iliary  liquid  engines,  as  is  pure  p^>opyl  nitrate  (specification  HXL-R- 
a55?6). 

Of  the  nitrogen  compounds,  nltrome thane  is  of  practical  interest 
i  a  monopropcllant  (see  Table  210).  The  nltropai'afflns  are  obtained 
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Physicochemical  Properties  of  Certain  Nitric -Acid 
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trate;  15)  propyleneglycol  dlnitrate;  I6)  glycerine 
trinitrate  (trinitroglycerine);  17)  decomposes. 
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The  Physicochemical  Properties  of  Certain  Nltropar- 
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[Key  to  Table  210  continued]:  Internal  oxygen;  10)  during  combustion 
In  oxygen; . 11)  sensitivity  to  shock;  12)  nltromethane;  13)  nltroelharu 
l4)  1-nltropropane;  15)  slightly  sensitive;  16)  virtually  ins ensltiv  ; 
17)  the  same. 

by  the  nitration  of  the  corresponding  hydrocarbons  with  concentraise 
nitric  acid  at  elevated  tempei^tures. 

Nltromethane  is  a  colorless  oily  liquid  with  a  boiling  point  of 
101®  and  a  rather  low  freezing  point  (—29®).  With  a  negative  oxygen 
balance  nltromethane  exhibits  a  relatively  high  heat  of  combustion 
(1040  kcal/kg).  The  nltromethane  exhibits  low  sensitivity  to  shock  and 
friction  [3j  4],  it  cannot  be  detonated  by  a  standard  detonator  cap  or 
by  the  firing  of  a  bullet  through  it,  but  it  will  explode  if  the  ex¬ 
plosion  is  Initiated  by  a  large  trotyl  [trinitrotoluene]  charge  [5]. 
The  addition  of  small  quantities  of  solvents  (gasoline,  alcohol)  to 
the  nltromethane  somewhat  reduces  its  tendency  to  detonation  [6].  In 
air  nltromethane  burns  quietly  with  an  almost  invisible  pale  flame  and 
without  detonation  [7]. 

To  improve  the  completeness  of  nltromethane  combustion  in  the 
combustion  chamber  of  an  engine,  it  is  recommended  that  combustion 
catalysts  (salts  of  chromium,  cobalt,  nickel,  copper,  lead,  and  man¬ 
ganese)  be  added  to  the  nltromethane  [6]. 

When  using  nltromethane,  its  reliable  ignition  in  the  engine  is 
of  great  significance;  an  jgnition  lag  may  result  in  an  explosion. 

According  to  the  data  of  F.  Bellindzher  [sic]  and  his  coworkers 
[3,  8]  nltromethane  as  a  propellant  exhibits  the  following  operational 


charaoteristios : 

Heat  of  combustion,  kcal/kg . .  .  1040 

Product-of -combustion  exhaust  velocity,  m/sec  .  .  .  I78O 

Temperature  of  combustion,  ®C . .  2170 

Specific  engine  thrust,  kg*  sec/kg . l82 


MIXTURES  OF  COMBUSTIBLES  AND  OXIDIZERS 

Monopropellants  based  on  mutually  soluble  combustibles  and  oxi¬ 
dizers  can  be  obtained  in  two  ways: 

by  the  selection  of  a  solution  of  a  combustible  in  an  oxidizer  of 
such  composition  as  will  burn  as  a  result  of  the  internal  oxygen  while 
being,  at  the  same  time,  explosion -safe;  such  mixtures  generally  con¬ 
tain  an  excess  of  combustible  over  the  stoichiometric; 

by  preparing  a  stoichiometric  combustible -oxidizer  mixture  with 
the  subsequent  solution  in  this  mixture  of  an  inert  substance  (gen¬ 
erally  water)  -  not  participating  in  the  combustion  —  to  reduce  the 
explosive  properties. 

As  an  example  of  monopropellants  obtained  by  the  mutual  solution 
of  combustibles  and  oxidizers  we  can  cite  the  following  mixtures  [1, 
6]: 

concentrated  hydrogen  peroxide,  ethyl  or  methyl  alcohol,  and  wa¬ 
ter; 

nitrogen  tetroxide  and  benzene  or  toluene; 

tetranltromethane  and  hydrocarbons  or  their  nitrogen  derivatives; 
tetranltrome thane,  ethyl  alcohol  and  water. 

Mixtures  of  combustibles  and  oxidizers  have  not  yet  come  into  ex¬ 
tensive  use  in  liquid  engines,  although  research  in  this  area  is  con¬ 
tinuing.  The  dominant  stress  is  being  laid  on  seeking  methods  of  im¬ 
proving  the  stability  of  propellant  mixtures  during  long  storage,  as 
well  as  on  the  development  of  effective  phlegmatizer  solvents  whose  use 
would  make  it  possible  to  Increase  the  power  characteristics  of  the 
propellants. 

MONOPROrELLANTS  BASED  ON  ENDOTHERMIC  COMPOUNDS 

Certain  endothermic  compounds  liberating  a  great  quantity  of  heat 
energy  ai^d  gaseous  products  of  decomposition  have  found  widespread 


application  as  monopropellants.  Such  compounds:  include  primarily  }r 
drogen  peroxide,  hydrazine,  and  ethylene  oxide 
Hydrogen  Peroxide 

In  examining  the  properties  of  hydrogen  peroxide  as  an  oxloi  . 
it  has  already  been  noted  that  it  decomposes  easily  when  heated  or  in 
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Fig.  286.  Composition  and  temper¬ 
ature  of  vapor  gas  derived  in  the 
decomposition  of  various  concen¬ 
trations  of  hydrogen  peroxide,  l) 
Composition  of  vapor  gas,  2) 
voliimetrlc  composition;  3)  gravi¬ 
metric  composition;  4)  tempera¬ 
ture  of  vapor  gas;  5)  concentra¬ 
tion  of  HgOg  in  reactor,  %  by 

weight;  6)  theoretical  vapor-gas 
temperature,  ®C. 


the  presence  of  water-  or  oxygen-based  catalysts.  As  a  result  of  the 
decomposition  of  1  kg  of  hydrogen  peroxide  690  kcal  of  heat  are  lib¬ 
erated,  as  a  result  of  which  the  products  of  decomposition  (vapor  gas) 
are  heated  to  975®  and  can  serve  as  a  soiu^ce  of  reaction  force.  This 
serves  as  the  basis  for  the  utilization  of  hydrogen  peroxide  as  a 
monopropellant . 

Vhe  decomposition  of  hydrogen  peroxide  under  the  action  of  vari¬ 
ous  catalysts  takes  place  rather  "softly"  and  at  a  fast  rate. 

The  temperature  of  the  vapor-gas  mixture  fomed  during  the  de;  .  - 
position  of  the  hydrogen  peroxide  is  a  function  of  the  concentratl 


Pig.  288.  Diagram  of 
vapor -gas -generator 
reactor  operating 
with  a  liquid  cata¬ 
lyst.  l)  Coilj  2) 
frame;  3)  hydrogen- 
peroxide  injector; 
catalyst  Injector;  5) 
drain  orifice;  6) 
drainage  tube  for  va¬ 
por  gas;  a)  peroxide 
inlet;  B)  catalyst  In¬ 
let. 

of  the  latter  (Pig.  286),  The  lower  the  concentration  of  the  hydrogen 
peroxide,  the  greater  the  water  content  in  the  peroxide,  and  a  sig¬ 
nificant  quantity  of  heat  must  be  expended  to  vaporize  and  superheat 
the  vapors  of  this  water. 

The  low  temperature  of  the  vapor -gas  mixture  that  Is  formed 
makes  it  possible  to  use  the  reaction  of  the  hydrogen-peroxide  decom¬ 


Pig.  287.  Specific  engine 
thrust  as  a  function  of  hy¬ 
drogen-peroxide  concentra¬ 
tion  and  the  pressure  in 
the  chamber.  £)  Pressure  in 
chamber;  Pq)  pressure  at 

nozzle  outlet;  l)  specific 
thrust,  kg« sec/kg. 


position  in  the  gas  turbines  that  are  used  to  actuate  the  liquid-en¬ 
gine  pumps,  as  well  as  to  design  various  simple  liquid  etigines  of  low 
power  that  require  no  cooling  (booster  engines,  helicopter  ^igines, 
torpedn  v'rsgines,  etc.). 


Figure  287  shows  the  specific  thrust  of  an  engine  as  a  fiirictji 
of  the  hydrogen-peroxide  concentration  [6]. 

To  speed  up  the  hydrogen-peroxlde-decomposltlon  reaction  ’ 
catalysts  are  employed  —  pyroluslte  (manganese  dioxide  Mn02),  sw' 
permanganate  NaMnO]^,  potassium  pexroanganr.te  KMnO^^,  calcium  permanga: 
ate  Ca(Mn0j[^)2*  sodium  bichromate  NagCrgOy,  and  certain  other  sub¬ 
stances. 


Fig.  289.  Diagram 
of  vapor -gas -gen¬ 
erator  reactor 
operating  on  solid 
catalyst.  1)  In¬ 
jector  head;  2) 
cover  plate;  3) 
catalyst  charge; 

reactor  frame; 
5)  barrier;  6)  va¬ 
por-gas  outlet 
tube;  A)  peroxide 
inlet. 
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Fig.  290.  Freezing  point 
of  aqueous  solutions  of 
calcium  permanganate  as 
a  function  of  its  concen¬ 
tration.  1)  Temperature, 
^C;  2)  permanganate  con¬ 
tent,  3^ 


The  catalyst  may  be  es^loyed  either  in  the  form  of  an  aqueous 
solution  that  is  injected  through  a  spray  nozzle  (injector)  into  th' 
decoiQposition  chamber  simultaneously  with  the  hydrogen  peroxide, 
it  may  be  used  in  solid  form.  In  the  latter  case,  the  ceramic  flttlr 
against  which  the  atomized  hydrogen  peroxide  strikes  is  soaked  in  - 
catalyst.  One  kilogram  of  solid  catalyst  can  decoc^se  up  to  2000 


of  8o^  hydrogen  peroxide  [12]. 

Vapor-gas -generator  reactors  using  liquid  and  solid  catalysts  are 
shown  in  Figs.  288  and  289. 

« 

The  utilization  of  solid  catalycts  is  more  convenient,  since  in 
this  form  they  can  be  placed  into  the  decomposition  chamber  in  suffi¬ 
cient  time,  and  this  simplifies  the  design  of  the  engine  and  Improves 
the  reliability  of  engine  operation. 

Of  the  liquid  catalysts,  the  28-32$^  aqueous  solution  of  sodium 
permanganate  (summer  catalyst)  and  the  37-395^  aqueous  solution  of  cal¬ 
cium  permanganate  (Pig.  290),  exhibiting  a  low  freezing  point  (winter 
catalyst),  are  in  use.  The  catalyst  consumption  amounts  to  of  the 
consumption  of  hydrogen  pei*oxide  [8]. 

The  permanganates  are  rather  powerful  oxidizers.  In  aqueous  solu¬ 
tions  they  easily  liberate  the  oxygen  and  can  ignite  many  organic  ma¬ 
terials ,  When  working  with  permanganates  it  is  extremely  important  to 
be  very  careful. 

Kydrasine 

Anhydrous  hydrazine,  as  has  already  been  pointed  out  above,  de¬ 
composes  into  gaseous  products  (niti'ogen  and  ammonia)  at  elevated 
temperatures,  liberating  heat  in  accordance  with  the  following  equa¬ 
tion: 

The  heat  of  hydrazine  decosaposlition  is  comparatively  low  — 

376  kcai/kg.  To  accelemte  the  liydrazine -decomposition  reaction  cer¬ 
tain  catalysts  are  employed  (oxides  of  iron,  chromiusj,  copper,  -and 
ao  forth). 


Ifydraalne  may  be  used  as  a  monepropellant  for  the  operation  of 


the  assesablles  in  Shld)  (liquid  (rocket)  engines)  and  Ui  ©11- 
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gines  of  low  power  [70]. 

On  the  basis  of  the  power  indicators,  hydrazine  is  not  on  a  pa 
with  concentrated  hydrogen  peroxide. 

Ethylene  Oxide  (C^HiiO) 

In  recent  years  ethylene  oxide  has  been  investigated  as  a  mono- 
propellant  [13-I6].  At  the  present  time  it  is  used  in  the  USA  as  a 
propellant  (specifications  Mil -P -8845  and  MPD-574)  in  auxiliary  power- 
plants  of  certain  large  ballistic  rockets  [I6]. 

Ethylene  oxide  has  found  widespread  application  in  Industry  pri¬ 
marily  as  the  initial  product  for  a  number  of  important  syntheses;  it 
Is  being  produced  on  a  sufficiently  large  industrial  scale.  Ethylene 
oxide  is  produced  by  the  direct  oxidation  of  ethylene  [17]. 

At  normal  temperatures  ethylene  oxide  is  a  colorless  gasj  it  has 
an  ether-like  odor,  and  it  thickens  easily  into  a  clear,  highly  mobile 
liquid  which  exhibits  a  boiling  point  of  13. The  density  of  ethylene 
oxide  (p^^)  is  equal  to  0.884  and  the  freezing  point  la  equal  to 
-111.  5*^.  The  physical  properties  of  ethylene  oxide  as  functions  of 
temperature  are  presented  in  Pigs.  291  and  292. 

A  mixture  of  ethylene-oxide  vapors  and  air  can  be  ignited  by 
heating  or  by  a  spark  in  a  wide  range  of  concentrations  -  from  3  to 
80^. 

When  heated  in  the  presence  of  catalysts,  ethylene  oxide  decom¬ 
poses  and  liberates  gaseous  products  of  decomposition  as  well  as  heat. 
In  terms  cf  heat  of  decomposition  (726  kcal/lcg)  ethylene  oxide  corres¬ 
ponds  approximately  to  powders.  The  theoretical  decomposition  of 
ethylene  oxide  can  bo  pi’csentod  in  the  following  font: 

\o/ 

The  actual  decomposition  of  etliylene  oxide  takes  place  in  acco?  -. 


with  the  following  equation  [6]: 

Nq/. 

The  formation  of  side  products  of  decomposition  and  Hg  re- 
the  thermal  effect  of  the  reaction.  The  percentage  composition 
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Fig.  291.  Saturated  eth-  Fig.  292.  Density  and  vis- 

ylene-oxide  vapor  pressure  cosity  of  ethylene  oxide 

as  a  function  of  tempera-  as  functions  of  tempera¬ 
ture.  1)  Vapor  pressure  of  ture.  1)  Densityj  2)  vis- 

ethylene  cxice,  rhi  Hg;  2)  ccsity;  A)  density  x  10^; 

remperacure,  -C.  3)  absolute. viscosity, 

poises  X  10*^;  O)  tempera¬ 
ture,  ®C. 


TABLE  211 

Pressure,  Temperature  of  Decomposition, 
and  Specific  Thinist  of  Engine  Operating 
on  Ethylene  Oxide 


AaaAcnne  a 

1  p« 

e« 

2  T«imv»Typ« 
paa40)K«aits,  *C 

3  VAtawiaa  Tart. 
»« 

20  1 

iOlS 

*  159.4 

so  i 

1027 

lOS.0 

40  1 

7033 

173,6 

(P  j 

1039 

m? 

1)  Pre.^3ure  in  engine  chan\ber,  atmj  2) 
temperature  of  decomposition,  3) 
specific  tiirust,  kg*sec/icg. 


ducv^  of  etiiylene-oxide  decomposition  is  a  function  of  the 


reaction  conditions  (the  pressure  In  the,  coinbus cion  chamber,  tempera¬ 
ture,  the  catalyst,  etc.). 

Table  211  presents  data  on  the  temperature  of  decomposition  anc’ 
the  specific  thrust  of  an  engine  operating  on  ethylene  oxide,  at  va¬ 
rious  temperatures  [l4,  15]. 

Ethylene  oxide  Is  stored  In  liquefied  form  In  flasks  or  tanks, 
under  excess  pressure.  Ethylene  oxide  Is  comparatively  safe  in  use, 
but  It  exhibits  a  harmful  effect  on  the  human  organism,  as  a  result  of 
which  preventive  measures  must  be  taken  and  observed  In  handling  this 
material. 

In  conclusion  of  this  examination  of  propellants  based  on  endo¬ 
thermic  compounds  we  should  point  out  that,  generally  speaking,  the 
decomposition  reactions  as  a  source  of  energy  are  distinguished  from 
oxidation  reactions,  for  example,  by  a  low  thermal  effect.  The  thermal 
effect  Is  substantially  Increased  wher  these  compounds  are  used  as  ox¬ 
idizers  (hydrogen  peroxide)  or  as  combustibles  (ethylene  oxide,  hydra¬ 
zine),  since  In  this  case  the  heat  of  the  decomposition  reaction  la 
added  to  the  head  of  combustion. 
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Chapter  28 
FILTRATION  OP  FUELS 

Aviation  fuels  are  contaminated  with  mechanical  Impurities  pri¬ 
marily  during  the  transportation,  pumping  (through  the  fuel  system), 
draining,  and  storage  of  the  fuels.  The  mechanical  Impurities  which 
enter  the  fuels  consist  primarily  of  ferric  oxide  (scale),  sand,  and 
carboniferous  and  fibrous  substances, 

result  of  Inadequate  hermetic  sealing  of  tank  cars  and  storage  tanks, 
as  a  result  of  the  Improper  cleaning  of  these  tanks  before  filling 
them  with  fuel,  and  primarily  as  a  result  of  the  fact  that  In  the 
majority  of  cases  the  tank  cars,  the  storage  tanks,  and  the  manifolds 
(fuel  systems)  intended  for  aviation  fuels  have  not  been  provided  with 
protective  anticorrosion  coatings. 

In  view  of  the  above-mentioned  factors,  as  the  fuel  Is  moved  from 
the  petroleum  refinery  to  the  user,  the  quantity  of  mechanical  Impuri¬ 
ties  In  the  fuel  increases.  For  example,  in  fuels  arriving  in  railroad 
tanlc  cars  the  content  of  mechanical  impurities  reaches  13-20  mg/l, 
whereas  aircraft  can  be  filled  with  a  fuel  containing  no  more  than 
^  of  mechanical  Impurities.  Therefore,  before  a  fuel  can  be  re¬ 
leased  for  utilisation  in  aircraft  it  must  be  subjected  to  special 
filtration  and  prolonged  eettling* 

FUELINO  OP  AIRCRAFT 

The  volume  of  fuel  tanks  used  In  the  latest  types  of  gas-turbine 
engine  aircraft  employed  in  transport  and  military  aviation  abroad 
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ranges  between  20,000  and  90,000  liters  and  Is  sometimes  even  higher 
(Table  212).  Consequently,  for  the  complete  fueling  of  a  single  air¬ 
craft  two  railroad  tank  cars  of  fuel  are  required  in  certain  cases. 

At  the  present  time  aircraft  fueling  is  carried  out  in  two  ways. 

1.  By  means  of  high-oapaoity  fuel  trucks  (up  to  45^000  liters). 

Powerful  fuel  pumps,  supplying  up  to  4700  l/mln  of  fuel  are  in¬ 
stalled  in  large  fuel  trucks.  In  this  case,  no  more  than  15-20  minutes 
are  required  to  fuel  an  aircraft. 


TABLE  212 

Volume  of  Fuel  Tanks  in  Certain  Types  of 
Foreign  Aircraft 


1  Tun  cauouon 

OfiioM  Ton- 

AllDDUX  6a* 

xoo  cauo* 
2aoTa,  4 

CKOpOCTb 

aanpanun 

TonaunoM, 

4/jUUN 

^\oan'iccTBO 
aanpODom* 
UUX  BIOKO* 

BB  cauoaen 

“T5 

naiiKayna  . 

1800 

2 

6h*apau(>n.’ia-210 . 

10400 

1350 

2 

7l)pitcTO.ii>'BpnTauHti-310 

.70000 

1350 

2 

8XaDUAaitA*KoHeTa‘>4  .... 

40800 

2000 

2 

9b'onnr>707>t20  . 

05800 

4700 

4 

iQBaiior-707  mokkoutuks* 
TanMiufi . 

89000 

4700 

4 

llAyr.inc  DC-8  mojuuoutbucb- 

Ta.ii.uu&  ........ 

81700 

3800 

4 

l)  Type  of  aircraft;  2)  volume  of  aircraft 
fuel  tanks,  liters;  3)  fueling  rate,  l/min; 
4)  number  of  fuel  inlets  on  aircraft;’”5) 
Vaykaund  [Viscount];  6)  Karavella  [Cara- 
velle]-210;  7)  Bristol- Brittania- ^10;  8) 
Kheviland-Kometa  [ Ha vllland -Comet j;  9)  Be¬ 
ing  [Boeing 1-707-120;  10)  Being  [Boeing] - 
707  intercontinental;  11)  Duglas  [Douglas] 
DC-8  intercontinental. 


2.  Delivery  of  the  fuel  directly  to  the  airfield  through  fuel 
pipelines.  In  recent  years  this  system  has  gained  widespread  accep- 
taiice  abI^)ad.  Undergi*ound  fueling  tanks  have  been  installed  at  air¬ 
fields  at  the  aii’craft -fueling  stations.  Bach  such  underground  tank  is 
equipped  with  several  flexible  hoses  by  means  of  which  an  airexsaft  can 
fueled  ths^ough  sevei^al  fuel  inlets  simultaneously. 


In  the  technical  literature  we  find  the  opinion  that  this  is  the 
only  method  to  resolve  the  problem  of  simultaneously  fueling  a  large 
number  of  aircraft  (particularly  In-transit  aircraft)  at  major  air¬ 
fields,  because  heavy  fuel  trucks  take  up  so  much  space  at  an  alrfie^i 
that  they  occasionally  disrupt  the  normal  operation  of  the  field. 
DURATION  OF  AIRCRAPT  FUELING 

Regardless  of  the  volume  of  fuel  involved,  no  more  than  30  min¬ 
utes  is  peimiltted  for  the  fueling  of  transport  aircraft  .••flying  do¬ 
mestic  and  international  routes  in  the  majority  of  countries  in  Eu¬ 
rope,  Asia,  and  America.  This  time  period  Includes  5  minutes  for  prep¬ 
aration  and  2  minutes  for  the  p^sage  of  the  fuel  through  the  aircraft 
tanks. 

To  reduce  the  fueling  time,  and  this  is  particularly  important 
for  In-translt  aircraft,  a  system  of  simultaneous  aircraft  fueling 
throiigh  several  points  (fuel  Inlets)  (2-4)  is  employed  as  are  high 
rates  of  fuel  feed  through  each  manifold  (Table  213), 

Depending  on  the  quantity  of  fuel  being  delivered  to  the  tanks 
of  an  aircraft,  the  minimum  required  fuel-feed  speed  to  ensure  an  air¬ 
craft-fueling  duration  of  no  more  than  30  minutes  is  selected.  However 


TABLE  213 

Rate  and  IXiratlon  of  Aircraft  Fueling 


,  CKOpocTb  Hossw  iSnpoAoa.^KnTcamocTfc  aanpanKg  caMoacu 


!1  1 3  w*BocTkSaKoii  ilCMKom  6aKoa 

easoam.  H  2T000  4  ^  CS000  4 


HfS  lUitt.  49  ccit. 
«  *  * 
iZ  •  13  » 

•tt  •  30  • 

to  •  44  • 


30  Mitit.  43  ceil. 

34  »  4S  » 

31  •  IS  » 

13  •  4S  • 

IT  »  6  • 


1)  Rate  of  supplying  fuel  to  aircraft 
tanks,  1/mln;  2)  duration  of  aircraft  fu¬ 
eling;  *5)  tank  capacity;  4)  tank  capac¬ 
ity;  5)  15  lain.  43  sec. 


i  view  of  certain  difficulties  in  the  removal  of  the  static -electri¬ 
city  charge  that  arises  at  high  pumping  speeds  and  in  the  case  of  fuel 
nitration,  it  is  desirable  to  maintain  a  fueling  (supply)  rate  that, 
in  actual  practice,  does  not  exceed  4700  l/mln* 

At  a  fuel -feed  rate  of  4700  l/mln  for  the  fueling  of,  for  exein- 
pie,  a  Boeing -707  aircraft  with  a  fuel-tank  capacity  of  89,000  liters 
no  more  than  27  minutes  are  required,  and  this  satisfies  completely 
the  international  norms  for  the  duration  of  aircraft  fueling, 

METHODS  OP  EVALUATING  FUEL  PURITY 

Fuel -system  units  for  aircraft  with  gas-turbine  engines  are  ex¬ 
tremely  sensitive  to  the  presence  of  mecheuilcal  impurities,  tars,  suid 
water  in  the  fuel. 

At  the  present  time,  both  here  and  abroad,  it  is  the  practice  to 
maintain  that  in  order  to  provide  for  normal  operation  of  the  fuel- 
and  automatic-system  units  of  aircraft  the  fuel  should  contain  no 
mechanical -impurity  particles  larger  than  5  u*  The  quantity  of  mech¬ 
anical  impurities  should  not  exceed  1  mg/l  of  fuel. 

Under  operating  conditions,  prior  to  the  release  of  a  fuel  for 
purposes  of  aircraft  fueling,  it  is  checked  for  the  presence  of  water 
and  mechanical  impurities.  The  evaluation  of  fuel  purity  is  carried 
out  visually,  and  in  the  majority  of  oases  without  the  use  of  any  in¬ 
struments  or  reagents. 

The  Method  of  Visual  Fuel-Purity  Evaluation  Used  in  the  Soviet  Union 
Before  a  fuel  is  released  for  purposes  of  aircraft  fueling  a 
100-2^  ml  specimen  is  taken.  The  specifications  state  that  this  fuel 
specimen,  poured  into  a  glass  cylinder  40-55  QUQ  in  diameter,  should 
be  transparent  and  should  contain  no  water  or  extraneous  impurities 
iMt  are  either  in  suspension  or  have  settled  to  the  bottom  of  the 
cylinder. 


The  cited  method  is  far  from  perfect  because  a  fuel  that  has  been 
evaluated  as  pure  may  contain  as  much  as  10  ms/l  of  mechanical  impuri¬ 
ties  when  analysed  gravlmetrically.  However,  the  method  of  visual  fuel 
purity  evaluation  is  widely  used  in  practice. 

The  Method  of  Visual  Puel-Purlty  Evaluation  Used  In  Great  Britain 
In  Great  Britain  the  purity  of  an  aviation  fuel,  released  for 
aircrafr  fueling.  Is  checked  by  a  method  of  visual  evaluation  of  the 
condition  of  the  boundary  of  separation  between  the  fuel  and  water. 

The  essence  of  this  method  consists  in  the  following. 

A  fuel  specimen  of  about  100  ml  Is  taken  and  poured  into  a  glass 
cylinder  into  which  an  approximately  equal  quantity  of  pure  distilled 
water  is  added.  Then  the  fuel  with  the  water  Is  thoroughly  agitated 
and  left  to  settle  for  a  period  of  2-5  minutes. 

After  the  fuel  and  water  have  completely  separated,  all  of  the 
mechanical  impurities  and  undlssolved  tar  and  carbon  substances  (If 
such  are  contained  in  the  fuel)  are  collected  from  the  boundary  of 
separation  between  the  fuel  and  the  water. 

The  condition  of  the  fuel-water  bouiulary  of  separation  is  evalu¬ 
ated  In  accordance  with  the  following  four-point  systeau 


Visual  Evaluation  of  Fuel-Vater  Boundary  of  Points 

Separation 

Boundary  of  separation  Is  transparent  and 
pure  .  ......  1 

Several  small  bubbles  around  the  periphery 
of  the  boundaxy  of  separation . .  lb 

Interlaced  film  with  small  quantity  of 
xgiechanlcal -impurity  particles  nt  bound¬ 
ary  of  separation  . . *  •«.••..  *  2 

Freely  floating  interlaced  film  and/or 
slight  collection  of  scum  at  boundary  of 
separation  . .  3 


Light  interlaced  film  and/or  heavy  collec¬ 
tion  of  scum  at  boundary  of  separation  . 


4 


Fuels  with  a  visual  evaluation  not  lower  than  1  or  lb  are  accep¬ 


table  for  aircraft  fueling. 

# 

FUEL  SETTLING 

« 

Settling  as  a  method  for  removal  of  the  basic  mass  of  large  mech- 
anioal-lmpurlty  partiolas  and  emulsified  water  from  the  fuel  Is  suffi¬ 
ciently  effective  and  is  used  on  a  widespread  scale  in  engine  opera¬ 
tion  in  all  countries. 

In  Great  Britain,  no  fuel  is  released  for  aircraft  fueling  in 
transport  aviation  until  it  has  been  permitted  to  settle  in  a  station¬ 
ary  tank.  The  following  duration  norms  for  fuel  settling  in  airport 
tanks  have  been  established. 

1.  For  settling  of  aviation  gasolines  no  less  than  30  minutes  per 
each  meter  of  gasoline  depth  in  the  tank  are  required. 

2.  For  the  settling  of  Jet  fuels  of  the  aviation-kerosene  type  no 
less  than  three  hours  and  twenty  minutes  per  each  meter  of  fuel  depth 
in  the  tank  are  required. 


TABLE  214 

Duration  of  Fuel  Settling  (According  to 
Baldwin's  Data) 


• 

2  npowMNOimMiootk 
oc«MU»a« 

1  Copv  Tooaim 

3 

UnKBX  •»* 
ntJi»  Mou 

snxcotas  nps- 
Mee«a  PMMt* 
h  poM  $ 

Ak^afiMisBuu . . 

|8  S9  MB*. 

9  Sbic. 

1  10  • 

40  MSB. 

3  'MM 
e  MC. 

ToR.iitM  JP4(nit»  T-2)  ...... 

ToiuitMO  uottk  T*l)  ....... 

1)  Type  of  fuel;  2)  duration  of  settling; 

3)  small  drops  of  water;  4)  particles  of 
mechanical  Impurities  5  M-  in  size;  5) 
aviation  gasolines;  6)  JF-4  fuel  (type  T- 

2) ;  7)  JP-1  fuel  (type  T-1);  8)  59  min¬ 
utes;  9)  5  hours. 

It  has  been  established  e::q;ierimentally  that  finely  dispersed  wa¬ 
ter  and  the  tiniest  pau*ticles  of  mechanical  impurities  (scale)  settle 

-  921  - 


out  very  slowly  and,  consequently,  it  Is  difficult  to  remove  these 
from  the  fuel  even  In  the  case  of  prolonged  settling.  At  the  same  tlDie, 
the  higher  the  viscosity  and  density  of  the  fuel  (propellant),  the 
slower  the  settling  out  of  the  mechanlcai-lmpurlty  particles  and  the 
drops  of  water  and,  consequently,  the  greater  the  time  required  for 
fuel  settling  (Table  2l4). 

We  can  see  from  the  cited  table  that  small  drops  of  water  and 
mechanical  Impurities  settle  out  from  the  T-1  type  of  Jet  fuel  more 
slowly  (by  a  factor  of  9-10)  than  from  aviation  gasolines  which  are 
less  dense  and  exhibit  lower  viscosity. 

It  is  precisely  for  this  reason  that  the  removal  of  water  and 
mechanical  impurities  from  Jet  fuels  by  the  settling  method  is  sub¬ 
stantially  more  difficult  than  in  the  case  of  aviation  gasolines. 
PARTICLE  SIZE  OF  MECHANICAL  FUEL  IMPURITIES  PRIOR  TO  FILTRATION 

Even  after  prolonged  settling  an  aviation  fuel  may  contain  sub¬ 
stantial  quantities  of  mechanical  impurities.  In  individual  cases  the 
content  of  mechanical  impurities  in  fuels,  after  settling,  may  attain 
10  mg/l  of  the  fuel. 

In  terms  of  sise  tlie  mechanical  impurities  may  vary  greatly.  Be¬ 
low  we  present  a  typical  conqpositlon  of  meciianlcal  Impurities,  ex- 

* 

traoted  frwn  aviation  kerosene  after  settling. 

Content  of  Mechanical  Im-  Particle  Size  of  Mech- 

purlties,  by  Weight  anical  Impurities,  p 

la  1-5 

12  5-10 

14  10-20 

23  20-40 

30  40-60 

9  80^00 

FIL^i^ION  OF  FmS 

The  basic  source  of  coiitamiJiatlon  in  aviation  fuels  is  dust,  sand, 
rust  (scale)  from  tanks  and  fuel  syst^^,  etc. 


To  reduce  contamination  of  fuels  during  storage  and  pumping  at 
the  airfields «  In  recent  times  It  has  become  the  widespread  practice 
abroad  to  use  tanks  and  fuel  systems  (manifolds)  that  have  been  cov¬ 
ered  with  various  anticorrosion  coatings  whlch^  at  the  same  tlme^  pro¬ 
vide  for  the  hermetic  sealing  of  the  tanks. 

These  measures  are  particularly  effective «  since  the  basic 
source  of  fuel  contamination  with  mechanical  impurities  (scale)  Is 
almost  completely  eliminated. 

For  the  removal  of  mechanical  Impurities  from  a  fuel  which  has 
been  released  for  aircraft  fueling^  the  fuels  must  be  filtered  and 
for  this  purpose  special  high-purity  filters  of  various  designs  are 
employed.  At  the  present  time  the  following  types  of  high-purity  fil¬ 
ters  are  being  used:  paper,  metalloceramic,  and  screened  filters, 
which  r^ove  all  mechanical  Impurities  greater  In  size  than  5  from 
the  fuel. 

High-purity  filters  are  Installed  not  only  on  fuel  trucks,  but  In 
the  fuel  system  of  an  aircraft  as  well.  This  Is  done  to  prevent  the 
entry  of  mechanical  impurities  Into  the  fuel  control  unit.  Into  the 
high-pressure  pumps,  and  into  the  spray  nozzles  (injectors)  of  the 
gas-turbine  engine. 

In  transport  aviation  in  the  USA  it  Is  generally  held  that  a  fuel 
must  be  purified  of  mechanical  Impurities  before  it  enters  the  air¬ 
craft's  tanks.  Therefore,  slightly  coarser  filters  than  those  employed 
In  the  filtering  process  during  aircraft  fueling  are  always  installed 
in  aircraft  fuel  systems.  For  example,  in  fueling  DC-8  aircraft  the 
fuel  is  filtered  tlirough  microf liters;  this  filter  can  remove  all 
mechanical  impurities  that  are  larger  than  5  in  size,  while  high- 
purity  filters  designed  to  remove  particles  greater  than  10  P-  in  size 
are  installed  in  the  fuel  system  of  the  DC-S  aircraft. 


With  this  system  of  filtration  all  clanger  of  clogging  the  air¬ 
craft's  high-piu:*ity  filters  with  mechanical  impurities  is  removed. 

To  eliminate  the  danger  of  clogging  the  filters  ic  a  DC -8  air¬ 
craft  with  ice  crystals  provision  has  been  made  for  the  heating  of  th  > 
fuel,  and  as  a  result  it  is  possible  always  to  maintain  a  fuel  temper¬ 
ature  above  0°  in  the  vicinity  of  the  filters. 

Many  factors  affect  the  ability  of  the  fuel  to  pass  through  the 
high-purity  filters. 

The  small  quantity  of  tars  which  can  be  found  in  standard  jet 
fuels,  and  are  generally  identified  as  actual  tars,  \*irtually  do  not 
clog  the  filters. 

However^  it  has  been  noted  that  if  free  water  is  present  in  a 
fuel,  the  tars  associate  with  the  drops  of  water  and  may  settle  out  on 
the  filter,  thus  causing  the  clogging  of  the  filter  pores.  This  comes 
about  as  a  result  of  the  fact  that  the  products  of  fuel  oxidation 
(tars),  on  associating  with  the  drops  of  water,  cause  the  latter  to 
become  sticky,  and  this  explains  their  adhesion  to  one  another,  which 
results  in  the  formation  of  a  tar  film  on  the  filter.  Therefore,  in 
the  filtration  through  high-purity  filters  of  fuels  that  contain  par¬ 
ticularly  large  quantities  of  tars,  we  can  sometimes  observe  the  foul¬ 
ing  of  the  filters  with  tars,  and  this  serves  to  reduce  Uie  full -flow 
capacity  of  Uie  filter.  This  phenomenon  is  particularly  pronounced 
when  filtration  is  curled  out  with  paper  tolcrof liters. 

Insoluble  substances  or  contamination  in  a  fuel  impairs  the  full 
flow  of  fuel  through  the  filter.  However,  the  speed  with  idilch  a  fil¬ 
ter  la  choked  off  and  the  reduction  of  fuel  filterability  are  func¬ 
tions  not  only  of  the  quantity,  but  of  the  nature  of  these  Imsxirlties 
and  insoluble  substances.  Sticky  substances,  capable  of  adherlrig  to 
the  surface  of  the  filter  or  to  clog  its  pores,  have  a  particularly 


i  *’onounced  effect  in  the  reduction  of  fuel  filterabillty, 


Fuel  filterabillty  is  impaired  the  fuel  is  cooled  below  the 
cloud  point,  because  of  the  crystallization  of  high-melting  hydrocar- 
bons. 

We  have  by  no  means  presented  all  of  the  factors  which  may  have 
an  effect  on  tlie  ability  of  a  fuel  to  pass  through  hlgh-purlty  fil¬ 
ters,  since  for  a  complete  evaluation  we  would  have  to  present  a 
classification  and  all  of  the  types  of  filtering  elements  in  the  fil¬ 
ters. 

If  a  fuel  exhibits  poor  filterabillty  as  a  result  of  the  pre¬ 
sence  of  insoluble  substances  in  it,  the  addition  of  a  small  quantity 
of  water  to  such  a  fuel  would  reduce  the  filterabillty  even  more. 

The  presence  of  dissolved  (hygroscopic)  water  in  a  fuel  at  plus 
temperatures  has  no  significant  effect  on  the  filterabillty  of  a  fuel. 
The  filterabillty  of  a  ’'wet“  fuel  is  sharply  impaired  by  -ooling  as  a 
result  of  the  settling  out  of  tiny  drops  of  water  and  the  foxmation  of 
ice  crystals  which  are  held  back  by  the  filter. 

Removal  of  Ice  Crystals  from  a  Fuel  by  Filtration 

Ice  crystals  fom  in  fuels  as  a  result  of  the  freezing  of  the 
water  dissolved  in  the  fuels  when  there  is  a  sharp  drop  in  fuel  ten^- 
erature  during  the  winter.  Sometimes  these  ice  crystals  come  into  the 
fuel  from  the  outside  in  tiie  fom  of  rime,  which  has  formed  on  the 
walls  of  the  aircraft  and  storage  tanlcs. 

si^ape  and  size  of  the  ice  crystals  formed  in  the  fuel  ai'o 
functions  of  the  2‘ate  of  cooling  arid  the  presence  of  extraneous  mech- 
anloal  impurities  in  the  fuel. 

Baldwin's  projects  [2]  established  that  with  rapid  cooling  of  a 
fuel  ext2*emoly  sjssall  ico  crystals  (4-10  P-  in  size)  are,  as  a  anile, 
formed;  with  slow  cooling  of  the  fuel,  the  crystals  will  be  larger  In 
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-  size  -  of  the  order  of  15-40  p.. 

.  In  the  absence  of  mechanical  Impurities  in  the  fuel,  the  ice 
crystals  are  basically  small  and  slightly  elongated.  With  the  pre¬ 
sence  of  mechanical  impurities  in  the  fuel,  and  particularly  if  tht;S€ 
are  of  fibrous  materials,  the  ice  crystals  are  somewhat  larger  and 
they  collect  like  small  beads  on  the  finest  of  the  fibers. 

Abroad  it  has  become  widespread  practice  to  employ  various  de¬ 
signs  of  mlcrofllters  (paper,  metalloceramlc,  and  screened)  for  pur¬ 
poses  of  filtering  aviation  fuels,  and  these  filters  provide  for  the 
removal  of  impurities  whose  particle  size  is  greater  than  3-5 

In  the  filtering  of  a  fuel  through  such  microfilters,  the  basic 

mass  of  the  ice  crystals  can  be  removed  from  the  fuel.  In  the  filter¬ 

ing  of  a  fuel  through  linen  fi  rs  which  provide  for  fuel  filtration 
to  20  11,  only  a  portion  of  tlve  ice  crystals  c;in  be  removed  from  the 
fuel. 
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Chapter  2$ 

FIRE  CHARACTERISTICS  OF  FUELS 

GENERAL  INFORMATION 

The  petroleum  fuels  used  in  aviation  and  automotive  transport  are 
easily  ignitable  combustible  liquids  whos(=^  vapors  combine  with  air  to 
form  explosive  mixtures. 

Under  operating  conditions  in  automotive  transiJort  and  in  air¬ 
craft  the  fuel  may  serve  as  a  source  of  fire  in  the  following  cases; 

1)  in  the  case  of  the  flashing  (ignition)  of  the  fuel  vapors  by 
an  open  flame,  a  heated  wire,  or  an  electric  apatrk; 

2)  in  the  case  of  autoignition  of  the  fuel  if  it  should  happen  to 
come  into  contact  with  a  heated  surface,  given  that  the  temperature  of 
this  surface  will  be  higher  than  the  autoignition  temperature  of  the 
fuel; 

3)  in  the  case  of  the  explosion  of  the  fuel  vapors  in  the  gas 
space  of  the  tanks  or  in  some  other  closed  space,  or  in  the  case  of 
the  appearance  of  a  static -electricity  discharge. 

To  evaluate  the  potential  danger  of  fire  from  petroleum  fuels, 
the  following  basic  chai’acteristics  are  employed; 

1)  the  temperature  limits  for  the  formation  oi'  explosive  fuel- 
vapor  and  air  mixtures; 

2)  the  concentrabicn  limits  of  explosive  mixtures; 

3)  the  autoignition  temperature  for  a  fuel  in  contact  with  a 
>dghly  heated  surface; 

M)  the  flash  point  of  the  fuel. 


-  927  - 


Combustion  and  Flame 


One  of  the  most  Important  combustion  characteristics  of  a'  fuel- 
air  mixture  Is  the  rate  of  flame  propagation.  It  is  precisely  this 
characteristic  that  to  a  significant  extent  determines  the  fire  dan¬ 
ger  of  a  fuel. 

At  the  temperature  of  the  flash  point  and  higher  a  combustible 
mixture  forms  over  the  open  surface  of  a  liquid  fuel.  If  this  mixture 
were  to  be  Ignited  by  an  extraneous  source,  the  flame  would  propagate 
over  the  surface  of  the  liquid  fuel  at  a  rate  of  1. 2-1.4  m/sec. 

In  a  fuel-air  mixture  held  motionless  in  a  closed  tank  or  set  in 
laminar  motion  the  flame  will  be  propagated  at  a  rate  of  0.3- 
0.6  ra/sec.  Under  conditions  of  the  turbulent  motion  of  the  mixture, 
depending  on  pressure,  degree  of  turbulence,  and  composition  of  the 
mixture,  the  flame  will  propagate  at  a  rate  of  10-30  m/sec. 

Fuel  Flash  Point 

The  flash  point  of  a  fuel  is  the  temperature  at  which  the  fuel 
vapors,  heated  in  a  special  closed  instrument,  form  a  mixture  with  air 


TABLE  215 

Effect  of  Vapor  Pressure  of  Jet 
Fuels  on  Flash  Point 


^AaiAOHoe  3  BcnunKi  , 
1  Toosuo  napoB  opa,  (FOCT  t421'53). 

39*Mi*pT.»f.  *0 


[Key  to  Table  215  continued]  39®  mm  Hg;  3)  flash  (GOST  1421-53) >  ®C; 

4)  USSR;  5)  TS-lj  6)  B-70;  7)  Great  Britain. 

which  flashes  when  a  flame  is  brought  close  to  it  (GOST  6356-52).  Re¬ 
search  in  recent  times  has  established  that  given  the  fuel  flash  point 
established  in  a  closed  vessel,  the  vapor  pressure  of  the  fuel  in 
question  attains  7-10  ram  Hg.  Consequently,  if  the  flash  point  of  the 
T-1  fuel  is  equal  to  30°,  at  30°  the  pressure  of  its  vapors  would  at¬ 
tain  approximately  7-10  ram  Hg.  The  flash  point  of  the  T-2  fuel  is 
equal  to  —14°;  this  means  that  at  — 14°  the  vapor  pressure  of  the  T-2 
fuel  is  equal  to  7-10  mm  Hg. 

When  the  flash  point  is  attained  over  the  surface  of  the  fuel  an 
ejqjlosive  concentration  of  fuel  vapors  in  the  air  is  formed.  The  flash 
point  is  a  direct  function  of  the  fuel-vapor  pressure:  the  higher  the 
vapor  pressure,  the  lower  the  flash  point;  this  is  clearly  shown  by 
the  data  presented  in  Table  215. 

Classification  of  Fuel  Fire  Danger  According  to  Flash  Point 

In  the  Soviet  Union  and  abroad  the  fire  danger  of  petroleum  fuels 
is  frequently  classJ-fled  in  accordance  with  the  flash  point  (Table  2l6), 

TABLE  21o 

Classification  of  Fire  Danger  of  Petroleum 
Fuels,  Adopted  by  the  Ministries  of  Sea 
and  River  Fleets  of  the  Soviet  Union 


lK.iacc  (paspRA) 
oroconacuocTu  vodaob 

STcMRoparypa  DcnuniKa  Tonana.  *C 

pyKoaoACTBo  M  5-M, 
lv48  r.  MnuncTcpovBt 
^'MopcKoro 

npuKas  103, 
27/fv  1951  r.  Mana- 
DTepcTDa  peiBoro 

^  $B0Ta 

I 

5  Hnmo  28 

Haate  ^ 

11 

^  28-65 

28-45 

III 

0  65  u  BLune 

45-120 

1)  Class  (category)  of  fuel  fire  danger;  2) 
fuel  flash  point,  ^c;  3)  specification  No, 
5-M,  1948,  Ministry  of  Sea  Fleets;  4)  order 
No.  108,  27  April  1951 >  Ministry  of  River 
Fleet;  5)  below  28;  6)  65  and  higher. 


-  929  - 


determined  in  a  closed  crucible.  This  classification  is  extremely  im¬ 
perfect  and,  at  best,  yields  only  an  approximate  idea  as  to  the  actu;, 
danger  of  fire  represented  by  various  grades  of  petroleum  fuels. 
ever,  this  method  of  fuel  classification  has  been  adopted  in  the  U3£  v 
In  accordance  with  this  classification,  a  wide  fractional -compo¬ 
sition  fuel  of  the  T-2  type  and  aviation  gasolines  are  graded  as  rep¬ 
resenting  the  I-class  of  fire  danger.  T-1  and  TS-1  fuels,  having  a 
flash  point  of  28^  and  higher,  are  graded  into  the  II -class  of  fire 
danger. 

Temperature  Limits  for  the  Formation  of  Explosive  Fuel-Vapor  Mixtures 
Explosive  mixtures  of  fuel  vapors  with  air  are  formed  only  within 
a  definite  temperature  range. 

TABLE  217 

Temperature  Limits  for  the  Forma¬ 
tion  of  Explosive  Fuel  Mixtures 
at  Ground  Level  [1] 


ITOIUUIBO 

ToMuepniypniio  npeffeau 

-  06pB30Ba0IIR  D3PUW' 

2  oiiacoux  cuoceii,  *C 

^  uHHtnnii  j^aopxnnl 

A-CQ 

-39 

-8 

A-74 

-36 

-7 

B^70 

-34 

-4 

5  B-9J/115 

-38 

-5 

B.95/130 

-37 

-5 

B-100/130 

-34 

-4 

-18 

-14 

6  lO! 

--28 

--57 

-  T-i 

--27 

-•59 

{  UopociiH  o«ooriiT«auuit 

-f57 

+87 

(dcsusika  od*) 

i 

1)  Fuel;  2)  temperature  limits  for 
the  formation  of  explosive  mixtures, 
ocj  3)  lower j  4)  upper;  5)  B-9l/ll5j 
6)  TS-lj  7)  illuminating  kerosene 
(flash)  +  58®)* 

It  is  the  practice  to  consider  the  upper  and  lower  temperature 
limits.  The  lower  temperature  limit  Is  the  minimum  temperature  at 
which  fuel  vapors  in  a  closed  tank  space  will  form  an  explosive  ml:- 


ture.  With  a  further  drop  in  fuel  temperature  the  mixture  is  so  leaned 
that  It  becomes  difficult  to  ignite.  The  upper  temperature  limit  is 
the  maximum  fuel  temperature  at  which  the  mixture  of  the  vapors  with 
air  still  exhibits  explosive  characteristics.  With  a  further  increase 
in  the  temperature  the  mlxttire  is  markedly  overenriched  with  fuel  va¬ 
pors  and  becomes  incombustible. 

At  the  lower  temperature  limit  the  vapor  pressure  of  the  fuel  at¬ 
tains  a  certain  magnitude  at  which.  In  the  closed  sjjace  of  the  tank, 
the  formation  of  an  explosive  mixture  is  possible. 

The  temperature  limits  for  the  formation  of  explosive  mixtures 
for  various  fuels  are  presented  in  Table  217. 

FIRE  CHARACTERISTICS  OP  DIESEL  FUELS  AND  TRACTOR  KEROSENES 

Because  of  low  vapor  pressure  and  limited  volatility,  diesel 
fuels  and  tractor  kerosenes  are  significantly  less  dangerous  from  the 
standpoint  of  fire  than  are  gasolines.  However,  autolgnltlon  tempera¬ 
tures  of  these  types  of  fuels  are  somewhat  lower  than  the  autolgnltlon 
temperatures  of  ethylated  gasolines.  The  temperature  limits  for  the 
formation  of  explosive  diesel-fuel  mixtures  lie  substantially  higher 
than  the  temperatures  encountered  during  operation  and,  therefore,  the 
formation  of  explosive  concentrations  of  diesel-fuel  vapors  with  air 
under  normal  conditions  is  difficult. 

According  to  the  data  presented  by  M.G.  Godzhello  [sic]',  the  min¬ 
imum  temperature  for  the  formation  of  explosive  mixtures  of  diesel- 
fuel  vapors  lies  within  a  range  of  57  to  76°  (Table  2l8),  and  the  up¬ 
per  boundary  lies  above  100^.  Consequently,  under  normal  conditions  of 
operation  the  formation  of  explosive  concentrations  of  diesel-fuel  va¬ 
pors  is  highly  unlikely.  However,  we  must  take  Into  consideration  that 
in  the  case  of  the  atomization  or  spraying  of  a  diesel  fuel  explosive 
concentrations  of  its  vapors  may  form  at  substantially  lower  tempera- 
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tures  than  are  encountered  in  steady-state  evaporation. 

Tractor  kerosenes  are  lighter  in  fractional  composition  and  i  . ip- 
resent  a  greater  fire  danger. 

In  terms  of  fire  danger  they  approach  gasolines  ^  and  the  lllu:,i- 
inatlng  kerosenes  come  close  to  diesel  fuels  (see  Table  2l8), 

TABLE  218 

Fire  Characteristics  of  Diesel  Fuels  and  Kerosenes 
[1] 


1  Toiubbo 

TcMHcpa- 

2Typa 

BCUUmHU. 

•c 

TcMnopaty- 
pa  cnMODOc- 
tijiauenoDUfl, 

ToMncparypnuo  npc^eau 
hoCpasoeaunn  napuso- 
^  ouaenux  euecoii,  *C 

3  ^ 

1 3nn}Knnii 

6  nopxnnii 

8A3 

78 

240 

69 

119 

64 

330 

57 

105 

IpRC 

02 

345 

76 

115 

IlJl 

71 

310 

62 

100 

12Kcpocna  TpaKTopmift 

28 

2G0 

26 

65 

30 

240 

30 

54 

18 

255 

15 

44 

•  *  , 

4 

200 

5 

35 

13'KepOCOB  OeMTHTUIbBItfl 

48 

265 

45 

86 

51 

235 

43 

75 

58 

250 

57 

87 

l)  Fuel;  2)  flash  point,  OC;  3)  autoignltlon  temp¬ 
erature,  ®C;  4)  temperature  limits  for  the  forma¬ 
tion  of  e:^l08ive  mixtures,  ®C;  5)  lower;  6)  upper; 
7)  diesel;  8)  DZ;  9)  DA;  10)  DS;  11)  L;  12)  tractor 
kerosene;  13)  illuminating  kerosene. 


TEMPERATURE  ZONES  FOR  THE  FORMATION  OF  EXPLOSIVE  MIXTURES  AT  VARIOUS 
ALTITUDES 

For  various  grades  of  fuels  exhibiting  various  saturated -vapor 
pressures  and,  consequently,  exiilbltlng  various  degrees  of  volatility, 
sufficiently  well-defined  temperature  ranges  have  been  established  and 
within  these  explosive  mixtures  may  form  at  various  altitudes. 

With  ascent  as  the  external  atmospheric  pressure  is  reduced,  fu'l 
evaporation  increases.  As  a  result  at  some  altitude  an  explosive  mix¬ 
ture  of  fuel  vapors  and  air  is  foifmed  at  substantially  lower  tempera¬ 
tures  than  would  be  the  case  on  the  ground,  at  normal  atmospheric  pio-  - 
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sure.  Therefore  4  the  temperature  zone  of  explosive  mixtures  In  terms 
of  altitude  shifts  In  the  direction  of  lower  temperatures* 


TABIE  219 

Beginning  of  Formation  of  Over enriched  Mixtures 


Bopxaaft 


’’  ^  tooauM 

pAtMOone  napoB 
SoiuBBB  npa  38*. 

1 

MM  pr.  er. 

l)  Puelj  2)  fuel-vapor  pressure  at  38°,  ram  Hg; 
temperature  limits  for  explosive  mixtures  at  eui 
altitude  of  15,000  m,  4)  lower;  5)  upper. 


Ill 


~Z0  0  *20  *40 

2  reMDejts/uj/pa^^c 

Pig,  293.  Temperature  lim¬ 
its  for  the  formation  of 
explosive  mixtures  of  B-70 
aviation  gasoline  vapor 
mixtures  as  a  function  of 
altitude  (fuel -vapor  pres¬ 
sure  200  mm  Kg  at  38°).  1) 
Altitude,  m;  2)  tempera¬ 
ture,  °C;  3)  residual  pres* 
sure,  ram  Hg. 


^60  '*0  ~20  0  *20  *40  ^ 

^tHBtpamj/pQ  ioui»i4a,*C 

Pig,  294.  Temperature  lim¬ 
its  for  the  formation  of 
explosive  T-1  fuel -vapor 
mixtures  as  a  function  of 
altitude  (fuel-vapor  pres¬ 
sure  45  mm  Hg  at  38°).  1) 
Altitude,  m;  2)  tempera¬ 
ture  of  fuel,  °C;  3)  resid¬ 
ual  pressure,  mm  Hg. 


There  is  a  definite  altitude  for  each  type  of  fuel,  depending  on 
the  pressure  of  its  vapors  and  its  volatility,  i.e, ,  a  definite  degree 
of  rarefaction  above  which  highly  overenriched  mixtures  with  uistable 
explosive  characteristics  begin  to  form  (Table  219). 
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The  t«nperature  zones  for  the  formation  of  explosive  mixturoa  of 
various  types  of  fuels  are  presented  In  the  form  of  four  graphs 
293-296).  The  two  lines  on  each  graph  denote  the  zone  of  explosive 
mixtures.  The  right-hand  line  denotes  the  region  of  overenriched  mix-* 
tures,  while  the  left-hand  line  denotes  the  region  of  lean  mixtures. 

We  can  see  from  the  cited  graphs  that  the  zone  of  explosion  dan¬ 
gers  for  mixtures  of  T-1  fuel  on  the  ground  lies  in  a  range  between 
25-65°;  for  TS-1  fuel,  in  a  range  between  15-60°;  for  T-2  fuel,  be¬ 
tween  -10  and  +40°;  and  for  B-70  aviation  gasoline,  between  -25  and 
+20°,  With  increasing  altitude,  the  zone  of  e:qplo8lon  danger  con¬ 
verges  slightly  and  shifts  in  the  direction  of  lower  temperatures. 

At  an  altitude  of  11,000  m  for  B-70  aviation  gasoline  (Plg,  293)* 
at  an  altitude  above  15,000  m  for  T-1  (Pig.  294)  and  TS-1  (Fig.  295) 
fuels,  and  at  an  altitude  in  excess  of  14,000  m  for  T-2  fuel  (Fig. 

296)  the  explosive  danger  of  the  mixtures  becomes  unstable  as  a  result 
of  the  overenriching  of  the  mixtures  because  of  pronounced  fuel  evapo¬ 
ration. 

However,  all  of  these  considerations  pertain  to  the  formation  of 
explosive  mixtures  in  aircraft  fuel  tanks  in  which  there  is  a  certain 
quantity  of  liquid  fuel.  A  somewhat  different  picture  is  observed  in 
evacuated  fuel  tanks  in  which  a  certain  quantity  of  fuel  always  re¬ 
mains.  The  voliute  of  these  tanks  may  also  be  filled  with  an  e:qploslve 
mixture.  Here  we  find  a  certain  analogy  with  the  situation  observed  in 
gasoline  storage  tanks:  an  empty  gasoline  barrel  is  always  regarded  as 
representi*::g  a  danger  of  explosion  and  it  is  recommended  that  such  a 
barrel  be  i\andled  with  extreme  care. 

The  question  arises,  to  what  altitude  is  the  danger  of  explosion 
in  mixtures  in  evacuated  aircraft  fuel  tanktj  still  present?  It  is  iam  c  v 
possible  to  give  a  px'eclse  ai^wer  to  this  question,  since  this  wll'' 
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'to  0  *-ta  *«o  *so  *u 

Pig.  295.  Temperature  lim¬ 
its  for  the  formation  of 
explosive  mixtures  of  TS-1 
fuel -vapor  mixtures  as  a 
function  of  altitude  (pres 
sure  of  fuel  vapors 
50  ram  Hg  at  38°;.  1)  Alti¬ 
tude,  m;  2)  teniperature, 
®C;  3)“resldual  pressure, 
mm  Hg. 


pend  not  only  on  the  physicoohemioal  characteristios  of  the  fuel,  hut 
on  the  quantity  of  fuel  r^oalning  in  the  tanks  as  well.  Since  the 
residue  of  fuel  in  evacuated  aircraft  tanks  cannot  always  be  deter¬ 
mined  exactly,  it  is,  in  fact.  Impossible  to  determine  to  which  alti¬ 
tude  the  danger  of  explosion  for  the  fuel -vapor  mixture  in  these  tanks 
is  preserved. 

To  ensure  against  accidents,  we  can  assume  that  explosive  mix¬ 
tures  may  be  present  in  evacuated  aircraft  tanks  at  virtually  all  op¬ 
erational  altitudes  during  flight. 

Therefore,  preventive  measures  must  be  taken. 


~i0  "to  0  *tO  *4ff  *60 

Pig,  296.  Temperature  lim¬ 
its  for  the  formation  of 
explosive  mixtures  of  T-2 
fuel  vapors  as  a  function 
of  altitude  (pressure  of 
fuel  vapors  100  mm  Hg  at 
38°).  1)  Altitude,  mj  2) 
temperature,  ®C;  Sr’resid- 
ual  pressure,  mm  Hg. 


Foam  Format  ion  In  Tanks  a»id  the  Danger  of  Explosion  that  These  Foams 


TABLE  220 

Solubility  of  Air  In  Fuels 


ao 


mtfi  Bce 
npn  21* 


PacTBopauocTb 
DoaAyxB  B  ion* 

I  nnB«  i»ii  21*, 
%  oneuB. 


,r&oflafc .  0.870  26.8  9,7 

D  AsnaKepoeBB  .  0.780  23,4  17,2 

7  ABitadraaBB .  0,723  18i4  2^ 


l)  Type  fuelj  2)  specific  weight,  at  21°;  3) 
surface  tension,  at  21°,  dynes/cm;  4)  solubil¬ 
ity  of  air  In  fuel  at  21°,  ^  by  volume;  5)  gas 
oil;  6)  aviation  kerosene;  7)  aviation  gaso¬ 
line. 


of  the  fuel,  the  more  air  can  be  dissolved  in  the  fuel.  This  situation 
is  clearly  illustrated  by  the  research  data  of  L,D.  Derrl  [sic]  (Table 
220). 

As  the  aircraft  climbs  and  the  outside  atmospheric  pressure  dimin¬ 
ishes,  the  air  dissolved  in  the  fuel  gradually  begins  to  separate  out. 
It  has  been  established  ttiat  the  separation  of  the  air  from  the  fuel 
is  substantially  speeded  up  through  mechanical,  agitation  of  the  fuel. 

When  booster  pumps  are  turned  on  during  flights  at  great  alti¬ 
tudes,  the  separation  of  the  dissolved  air  frtsa  the  fuel  sometimes 
takes  place  so  violently  that  a  large  layer  of  foam  is  fosmjed  at  the 
surface  of  sho  fuel  in  the  aircraft  tanks* 

B.V.  Foul’s ton  [sic]  established  experimentally  that  the  foam 
formed  in  the  manner  described  above  represents  a  great  danger  of  ex¬ 
plosion  and  combustion  even  at  comparatively  low  temperatures.  A  flame 


is  propagated  very  rapidly  through  this  foam  and  the  pronounced  danger 
of  explosion  that  this  foam  repx*esents  cars  be  explained  by  the  fact 


that  there  is  always  an  increased  concentration  of  oxygen  In  the  ai» 

•s\‘hich  is  separated  from  the  fuel  (the  solurility  cf  cxyren  at  20°  is 


•rrester  by 


[•actor  of  approximately  1*  t 


r  ^  ’T'  ^ 


:en,  and  therefore  the  air  separated  from  the  fuel  is  always  cvere... 
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riched  with  oxygen). 

CONCENTRATION  LIMITS  OP  EXPLOSIVE  PUEL-VAPOR  MIXTURES 

The  limit  concentrations  of  fuel  vapors  in  air,  at  which  ignition 
of  the  mixture  and  flame  propagation  are  possible,  are  referred  to  as 
the  oonoentratlon  ignition  limits. 

Table  221  shows  the  experimental  data  for  the  concentration  lim¬ 
its  of  es^losive  mixtures  of  various  types  of  aviation  gasolines  and 
jet  fuels. 


TABLE  221 

Concentration  Limits  of  E3q>losive  Mixtures 
of  Vapor  Fuels  in  Air  [1] 


2 

flAomocn* 

t/&M* 

Kouiteutpaoaotmuo  npft> 
xeau  sapuMonacHUS 
^  CMCccOt  o6mub. 

5  MpsUuS 

A-68 

a72S 

a76 

A*74 

also 

a79 

S.16 

B-70 

aT45 

am 

n-ntm 

089 

B-2S/i30 

ass 

$.48 

&-tC»/i30 

om 

ass 

$.48 

T-2 

mm 

i.t 

OS 

TC-I 

mn 

a 

?,t 

7^ 

T-t 

OSIS 

1.4 

0834 

u 

1)  IMelj  2)  density,  g/cmSj  3)  concentra¬ 
tion  li^ts  of  explosive  mixtuMS,  56  by 
volume;  4)  lower:  5)  iliuminat- 

ing  gasolitie  (flare  4* 


Flash  Point  as  Function  of  Fuel -Vapor  Pressure 

The  flash  point  of  a  fuel  actually  indicates  the  lowest  tes^ra- 

ture  at  which  the  formation  of  ci^oslve  mixtures  is  possible,  and  the 

* 

lower  limit  for  the  formation  of  c^losive  mixtures  indicates  the  min^ 
concentration  of  fuel  vapors  in  the  air,  at  which  the  combustion 
of  the  mixture  is  possible* 

Using  the  above-indicated  relationship  we  can  find  the  lower  limit 
of  explosive  mixtures  according  to  the  flash  point  of  the  fuel  or  we 


can  calculate  the  flash  point  on  the  basis  of  the  eaiploslve-mlxtur  ? 
limit. 


Knowing  the  lower  concentration  limit  for  the  formation  of  exiilo- 
slve  mixtures  we  can  calculate  the  fuel -vapor  pressure  at  which  fla^ii- 


Ing  may  take  place: 


P  saS?. 

rt.».  =■  j{|Q» 


Where  ^  Is  the  fuel-vapor  pressure  at  the  flash  point.  In  mm  Hg;  v 
Is  the  lower  concentration  limit  for  the  fomation  of  e:qoloslve  mix¬ 
tures,  In  JS  by  volume  j  P  la  the  pressure  of  the  fuel -vapor  mixture 
with  air.  In  mm  Kg. 

Example.  Find  the  gasoline  vapor  pressure  at  which  flashing  takes 
place.  If  the  lower  concentration  limit  for  the  formation  of  explosive 
mixtures  Is  known  to  be  0.9^^  by  volxime: 

=  — jgg — =7,45  mm  Hg. 

Consequently,  gasoline  flashing  will  take  place  when  a  vapor 
pressure  of  7.43  om  Hg  la  attained* 

Determination  of  Puel-Vapor  Content  in  Air 


If  we  know  the  temperature  of  the  fuel  and  the  pressure  of  Its 
saturated  vapors  at  a  given  t^perature,  the  concentration  of  fuel  va 
pors  In  the  air  can  be  calculated  in  accordance  with  the  following 


formula: 


where  v  is  the  concentration  of  fuel  vapors  In  the  air,  in  %  by  vol¬ 
ume;  Is  the  saturated  vapor  pressure.  In  mm  Hg;  P^^  is  the  pressui 

of  the  fuel -vapor  mixture  with  air  (in  the  tsajority  of  cases,  it  is 
equal  to  atmospheric  pressure},  in  mm  lig. 

Example.  Deteitaine  the  volumetric  concentration  of  T-2  fuel  va- 


pors  In  an  aircraft  tank  at  a  temperature  of  20  »  ®ie  pressure  of  sat¬ 
urated  fuel  vapors  at  20*^  is  equal  to  40  mm  Hg; 

^  40-100  4000  .  , 

*  = -Tgj)— •=  by  volume. 

The  volumetric  concentration  of  fuel  vapors  in  the  air  can  be  re¬ 
calculated  into  mass  concentration  by  the  following  formula: 

S  2Jti  * 

Example.  The  volumetric  concentration  of  T-2  fuel  vapors  in  air 
at  20^  is  equal  to  5*2^  Calculate  the  mass  concentration^  if  the 
mean  molecular  weight  of  the  fuel  is  150. 

j  =  g  =  352ing4  -  a3Bs/l. 

AiraOIGNITIQN  TEMPBRATURE  OF  FUELS 

Autoignition  is  an  important  characteristic  in  determining  the 
danger  of  fire  from  fuels.  Under  operational  conditions,  autoignition 
is  possible  if  a  liquid  fuel  or  its  vapors  come  into  contact  with  a 
highly  heated  surface.  We  know  from  practical  experience  that  such 
cases  are  possible  when  the  hermetic  sealing  of  the  fuel  manifolds  in 
aji  engine  frame  is  bi'oken.  Prom  the  standpoint  of  fire  safety  it  is 
extremely  Important  to  know  the  temperature  to  which  a  metallio  sur¬ 
face  must  be  heated  before  it  can  cause  the  ignition  of  any  fuel  com¬ 
ing  into  contact  wiU:  tills  surface. 

The  autoignition  temperature  of  a  fuel  is  not  constant;  it  is  a 
function  of  the  evaluation  method  employedi - 

^le  oliemical  composition  of  the  fuel  has  a  significant  effect  on 
the  autoignition  temperature.  In  the  majority  of  cases,  the  higher  the 
molecular  weight  of  the  fuel  and  the  heavier  Its  fractional  composi¬ 
tion,  the  lower  the  autoignition  temperature.  Ethylated  gasolines,  as 
a  rule,  exhibit  a  higher  autoignition  to^-ir-eiviture  than  those  that  are 
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TABIE  222 

Autolgnltlon  Temperature  of  Aviation  Fuels 


^OOJIOBO 

Jeunepa- 
d  Typa 
neoiitniKa, 

•C 

^  TcMneparypa 
“'aocnaaMCHennH 
Tonansa,  *C 

^ - 

TcMneparypa  narpo- 
TOit  n;inTu,  bu3u- 
Daion;afl  BocnjiaMe- 
nonne  Tonnnea,  ®C 

T-1 

'  +30 

1 

22c 

325 

TC-1 

+28 

218 

325 

T-2 

-12 

•  233 

'  330 

B-70 

-30 

331 

430 

l)  Fuel;  2)  flash  point.  3)  fuel  igni¬ 
tion  temperature,  oq;  4)  temperature  of 
heated  plate  causing  fuel  ignition,  °C. 


not  ethylated,  because  of  the  presence  of  TES  [TEL  —  tetraethyl  lead]. 

We  can  see  from  Table  222  that  the  autolgnltlon  temperature  of 
B-70  aviation  gasoline  is  111*^  higher  than  the  autoignition  tempera¬ 
ture  of  the  T-1  fuel.  This  can  be  explained  by  the  fact  that  the  frac¬ 
tional  composition  of  the  T-1  fuel  is  heavier  than  the  fractional  com¬ 
position  of  the  B-70  gasoline. 

It  was’  brought  out  during  these  experiments  that  for  the  TS-1 
fuel  the  temperature  of  the  heated  metal  plate  must  be  325°  in  order 
for  the  fuel  to  experience  autoignition  in  coming  into  contact  with 
the  platej  for  the  B-70  aviation  gasoline  this  temperature  would  be 
approximately  430^0.  Thus  it  was  established  experimentally  that  if  a 
fuel  comes  into  contact  with  a  heated  surface  whose  temperature  ranges 
between  325  and  425°,  ignition  may  take  place  and  result  in  a  fire. 

The  autolgnltlon  temperatures  of  various  types  of  domestically 
produced  fuels  are  actually  quite  close  to  those  that  were  derived  in 
the  USA  in  accordance  with  the  drop  method.  This  can  be  seen  from  the 
following  example. 


JP-1 . 228 

JP-3 . 228 

JP-4 . .242 

B-73 . 258 

B-lOO/130  +  TEL . 440 
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Sffect  of  Altitude  on  Autolgnltlon  Temperature  of  Aviation  Fuels 
With  an  increase  in  pressure,  the  autolgnltlon  temperature  of 
fuels  diminishes,  and  vice  versa.  Table  223  shows  data  derived  by 


TABLE  223 

Effect  of  Altitude  on  Ignition  Temperature 
of  Fuels 


1 

TonnnBO 

p  3aAcp>KKa 
Docnaaue*  . 
ncnna  npH 
742  pT.  CT., 

ceK. 

TeunepaTypu  caMOoocaaa- 
^  uencHBff, 

4 

AaBncnite 

742  MM  pT.  CT. 
(Ha  aoMJie) 

5 A>BHenne 

370  mm  pT.  CT. 
(BucoTa  STOO  m) 

DAniia6cn3nn  100/130 

3 

440 

.  553  • 

JP-1 

120 

228 

462  • 

JP-3  i 

.  187 

238 

449 

JP-4  i 

185 

242 

444 

1)  Fuel;  2)  ignition  lag  at  742  mm  Hg,  sec; 

31  autolgnltlon  temperature,  ®C;  4)  pressure 
742  mm  Hg  (on  the  ground);  5)  pressure 
370  mm  Hg  (altitude  5700  m);  6)  aviation 
gasoline  IOO/13O. 

M.  Zabetakis  [sic]*  on  the  effect  that  altitude  (reduction  in  pres¬ 
sure)  exerts  on  the  autolgnltlon  temperature  of  aviation  fuels. 
AUTOIGNITION  OF  COMBUSTIBLE  LIQUIDS 

There  are  a  number  of  combustible  liquids  which  -are  capable  of 
intense  oxidation  in  air  at  normal  temperatures  (16-20®).  Under  cer¬ 
tain  conditions,  when  the  quantity  of  heat  liberated  during  the  oxlda^ 
tlon  process  exceeds  the  heat  transfer  to  the  external  medium,  autoig' 
nltion  of  the  oxidizing  liquid  may  take  place.  Such  liquids  are  re¬ 
ferred  to  as  hypergolic  and  they  are  conventionally  divided  into  two 
groups. 

The  first  group  consists  of  liquids  that  tend  to  autolgnltlon 
when  in  contact  with  air:  vegetable  oils,  turpentine,  and  certain  anl' 
mal  fats  in  films  on  developed  surfaces  of  fibrous  materials  (cotton 
and  cotton  waste,  etc.). 

The  second  group  consists  of  liquids  that  tend  to  autolgnltlon 


only  in  contact  with  or  in  chemical  Interaction  with  other  substances; 
for  example,  ethylene  glycol  and  glycerine  in  contact  with  potassium 
permanganate,  as  well  as  alcohols  in  contact  with  peroxides,  etc. 

In  practice  the  autoignition  capacity  of  vegetable  oils  is  deter¬ 
mined  according  to  the  iodine  number.  It  is  generally  maintained  that 
a  liquid  with  an  aiitoignition  tendency  represented  by  an  iodine  niim- 
ber  above  100  is  dangerous  from  the  standpoint  of  fire. 

The  Rate  at  Which  a  Fuel  Burns  off  from  a  Surface 

The  rate  at  which  fuels  burn  off  a  surface  is  determined  by  the 

p 

mass  of  fuel  consumed  per  unit  surface  per  unit  time,  e. g. ,  kg/m  ‘hr. 


TABLE  224 

The  Rate  at  Which  a  Fuel  Burns  off  a  Surface  in 
Tanks  [2] 


1  TonuDBa 

2 

naoinocTfc 

Tonansat 

tjCM* 

3CK0pocTi.  BuropaniiH 

TODBiina  e  noBepxDocTn 

B  peaopayapax  Majioro 
AuaMerpa 

TenAonanpBwe- 
Biie  aepitaaa 
h  ncnapesHH 
^  TonaiiBa, 
kkoa/m*  hoc 

ABnai^onBufi  Censnn 

0,730 

2,10 

91,98 

12390 

ABTOMo6iiiibBiiifi  6eaaoH 

0.770 

1,75 

80,85 

12300 

Kcpocno  . 

0,835 

1,10 

55,11 

10710 

l)  Fuel;  2)  density  of  fuel,  g/cm3;  3)  rate  at  which 
a  fuel  burns  off  from  a  surface  in  small -diameter 
tanks;  4)  heat  liberation  from  evaporation  surface 
of  fuel,  kcal/m2. hr;  5)  mm/min;  6)  kg/m2*hr;  7)  avl~ 
ation  gasoline;  8)  automotive  gasoline;  9)  kerosene. 


In  certain  cases' the  rate  of  burning  is  expressed  by  the  so-called 
linear  burning  rate  which  represents  the  height  of  the  fuel  layer  (mm) 
burned  per  unit  time  (min). 

Depending  on  density  and  fractional  composition,  the  rate  at 
which  a  fuel  burns  off  from  a  surface  will  vary:  the  lower  the  density 
of  the  fuel,  the  faster  the  burning  rate  (Table  224). 

Prevention  of  Fuel -Vapor  Explosions  in  Aircraft  Tanks 


On  certain  types  of  foreign  military  jet  aircraft,  an  inert  gfv 
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Is  introduced  Into  the  ullage  of  fuel  tanks  in  order  to  prevent  the 
explosion  of  fuel  vapors. 

The  quantity  of  gas  which  must  be  introduced  into  the  fuel-vapor 
mixture  in  order  to  render  it  safe  from  explosion  was  the  subject  of 
numerous  investigations.  Table  225  presents  some  data. 


TABLE  225 

Fire -Extinguishing  Concentrations  of  Gases  to 
Prevent  Explosions  of  Gasoline  and  Kerosene 
Vapors  (Concentration,  in  %  of  Air) 


1  Faa 

2  Heo6zoAnMoe  KosBAeCTBO 
rasa,  %  o6iei(a. 

3no  Aanoux 
n.  r.  AcMBAoaa 

L  no  fi,tinnuu 
''  lOpceneat 

5 

yracKncauS  ras . 

23,0 

21,2 

Asot  . 

31,0. 

30,8 

npOMOCTUfi  MeTHA  .... 

4,0 

— 

MCTUpoXXAOpUCTUtl  yFACpOA 

7,5 

8.0 

1)  Gas;  2)  required  quantity  of  gas,  ^  by  vol¬ 
ume  j  3)  after  P.G.  Demidov j  4)  after  Yursenevj 
5)  carbon  dioxide;  6)  nitrogen;  7)  methyl  bro¬ 
mide;  8)  carbon  tetrachloride. 


We  can  see  from  these  data  that  the  fire -extinguishing  effect  of 
halpgen  derivatives  is  several  times  greater  than  that  of  ceirbon  diox¬ 
ide  or  nitrogen.  The  varying  fire -extinguishing  efficiency  of  the  gases 
is  explained  by  P.G.  Demidov  by  the  various  mechanisms  with  which  they 
affect  burning.  In  the  opinion  of  P.G.  Demidov,  the  introduction  of 
methyl  bromide  or  carbon  tetrachloride  into  the  burning  zone  of  fuel- 
air  mixtures  disrupts  the  combustion  (an  exothermic  reaction)  and  the 
liberation  of  heat  in  the  reactions  taking  place  is  sharply  reduced; 
as  a  result  burning  ceases. 

The  fire -extinguishing  effect  of  carbon  dioxide  and  nitrogen  con¬ 
sists  in  the  reduction  of  the  oxygen  concentration  in  a  mixture  to  a 
point  at  which  continued  burning  is  Impossible.  According  to  the  data 
of  this  author,  with  the  introduction  of  carbon  dioxide  into  the  burn- 


Ing  mixture,  combustion  is  brought  to  a  stop  when  the  oxygen  content 
falls  below  14-18^,  and  with  the  introduction  of  methyl  bromide  the 
burning  ceases  as  soon  as  the  oxygen  content  is  reduced  to  20.6^  [3]. 

The  utilization  of  an  inert  gas  to  fill  the  free  space  in  fuel 
tanks  is,  naturally,  associated  with  the  auxiliary  equipment  that 
must  be  Installed  aboard  an  aircraft.  The  over-all  weight  of  the  gas 
and  the  equipment,  on  the  average,  amounts  to  1  kg  for  each  100  liters 
of  fuel -tank  capacity.  This  means  that  for  an  aircraft  with  a  fuel- 
tank  capacity  of  30,000  liters,  the  weight  of  the  gas  and  equipment 
amounts  to  about  300  kg. 

‘’ELECTRIFICATION”  OF  FUELS 

During  the  transportation  of  Jet  and  diesel  fuels  Over  water  or 
by  railroad,  during  the  pumping  of  these  fuels,  when  these  fuels  are 
poured  in  and  out  of  a  container,  as  well  as  during  the  fueling  of 
aircraft  and  cars,  "mysterious”  cases  of  explosions  and  fires  occur 
rather  frequently.  Investigations  conducted  by  the  American  Petroleum 
Institute  have  shown  that  a  significant  part  of  these  "mysterious"  or 
dlfflcult-to-explain  explosions  and  fires  during  operations  with  pe¬ 
troleum  products  can  be  attributed  to  static  electricity. 

The  control  of  static  electricity  and  the  development  of  preven¬ 
tive  measures  is,  in  many  cases,  made  difficult  by  the  absence  of  a 
clear  understanding  regarding  the  mechanism  by  which  static -electri¬ 
city  charges  are  formed  in  petroleum  products. 

At  the  present  time  the  mechanism  by  which  a  charge  of  static 
electricity  is  foimed  during  the  handling  of  petroleum  products  has 
been  thoroughly  studied.  It  has  been  establlahed  that  under  certain 
conditions,  even  in  a  fuel  that  Is  kept  in  a  fixed  state,  the  forma¬ 
tion  of  static  electricity  is  possible  and  the  discharge  of  this 
static  electricity  is  capable  of  producing  an  explosion  and  fire  at 


the  petroleum  refinery  and  petroleum  storage  area.  If  the  required 
preventive  measures  are  not  Implemented. 

The  Investigations  that  vere  carried  out  and  a  detailed  study  of 
the  facts  relating  to  the  occurrence  of  explosions  and  fires  as  a  re¬ 
sult  of  static  electricity  made  It  possible  to  establish  the  following 
six  factors  responsible  for  the  formation  of  a  static -electricity 
charge  In  fuels. 

I.  WITH  FUEL  IN  MOTION 

1.  In  the  case  of  friction  between  a  liquid  fuel  and  the  solid 
surface  of  the  manifold,  the  walls  of  the  tank,  and  the  filter. 

2.  In  the  case  of  friction  between  fuel  particles,  during  the 
passage  of  the  fuel  through  a  medium  of  other  liquids  such  as,  for 
example,  water,  etc, 

3.  In  the  case  of  the  passage  of  drops  of  finely  atomized  fuel 
through  air  or  a  vapor-alr  mixture. 

II.  WITH  FUEL  NOT  IN  MOTION 

4.  In  the  case  of  solid  suspended  particles  settling  out  of  the 

fuel. 


TABLE  226 


Factors  Responolble  for  the  Formation  of 
Static  Electricity  and  the  Occurrence  cf 
Fire 
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TABLB  226  (Continued) 


IOVa*?  MOJiunR  (paGoT*  so  apem 

1 

rpoau)  . . 

*  lloettro . 

63  . 

100 

I)  Factors  responsible  for  the  formation 
of  a  statlc-electrlclty  charge;  2)  fires; 

3)  quantity;  4)  pumping  and  agitation  of 
fuels;  5)  Improper  drainage  and  filling 
of  fuel  tanks;  6)  Injection  of  raw  steam 
Into  the  fuel;  7)  fast  drainage  and  fuel 
pumping;  8)  completing  an  electric  cir¬ 
cuit  on  the  fuel  tank;  9)  atomization  of 
a  stream  of  fuel  Into  the  air  above  the 
surface  of  the  fuel;  lO)  the  striking  of 
a  lightning  bolt  (work  during  a  storm); 

II)  total. 

5*  In  the  case  of  liquid  suspended  particles  such  as^  for  exam¬ 
ple^  drops  of  water  or  other  chemical  substances  settling  out  of  the 
fuel,  as  well  as  in  the  case  of  the  passage  of  bubbles  of  air,  vapors 
of  light  hydrocarbons,  etc. ,  passing  through  a  layer  of  liquid  fuel. 

6.  In  the  case  of  the  passage  of  drops  of  water  (rain),  snow 
flakes,  etc.,  through  the  vapor-alr  space. 

The  American  Petroleum  Institute  studied  In  detail  63  cases  In 
which  fuel  tank  oars  exploded,  resulting  In  fires,  and  the  factors  re¬ 
sponsible  for  the  formation  of  the  statlc-electrlclty  charge 'were  de¬ 
termined  (Table  226). 

Specific  Electrical  Conductivity  of  Fuels 

2 

The  quantity  of  electricity  which  passes  through  1  cm  of  a  cross 
section  of  fuel  in  1  sec  with  an  eleotrlc-fleld  voltage  of  1  v  per 

1  cm  is  referi*ed  to  as  the  specific  electrical  conductivity  of  fuel; 

-1  -1 

It  Is  expressed  in  the  following  units:  ohm  cm  . 

Xt  has  been  established  experiiaen tally  that  the  capacity  of  a 
fuel  to  form  static  electricity  during  pumping  is  a  function  of  the 
fuel's  specific  electrical  conductivity  (Table  227). 


The  rate  at  which  the  static-electricity  charge  is  dissipated 
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TABLE  227 

Rate  of  Static -Electricity  Forma¬ 
tion  During  Fuel  Pumping  as  a 
Function  of  Specific  Electrical 
Conductivity 


VAwn'iiau  sACHTponpoBOA* 

.  nMtk  TORAuai) 

*  CM"** 

1 

SxlO-“ 

X 

1X10-“ 

no 

5X10-“ 

500 

ixio-“  ' 

600 

5X10-“ 

550  ' 

lx  10-“ 

250 

5X10-“ 

2  . 

ixio-“ 

0 

1)  Specific  electrical  fuel  con¬ 
ductivity,  ohm“l  cm“^j  2)  number 
of  static-electricity  discharges 
during  a  10-mlnute  pumping  (7  kv). 


(drops)  is  directly  proportional  to  the  specific  electrical  conductiv¬ 
ity  of  the  fuel:  the  lower  the  electrical  conductivity,  the  slower  the 
dissipation  of  the  static-electricity  charge  that  has  formed  (Table 
228). 

.  Varic-s  types  of  Jet,  aviation,  and  motor  fuels  exhibit  various 
capacities  to  form  static  electricity.  This  phenomenon  Is  Illustrated 
rather  clearly  by  the  data  cited  below,  where  we  can  see  the  time  re¬ 
quired  for  the  formation  of  a  static-electricity  charge  during  a 
10 -minute  period  of  pumping  (voltage,  7  kv): 


Isooctane,  n-heptane,  cetane  . .  0-12 

Toluene  and  xylene  . . . 14-30 

Aviation  gasolines  and  automotive  gasolines  .  .  41-39 

JP-4  Jet  fuel  . . 1-71 

Unpurlf led  kerosene  7-82 

JP-5  Jet  fuel . 10-140 

Diesel  fuel . 3-420 
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TABIE  228 

Rate  of  Static -Electricity  Charge 
Dissipation  as  Function  of  Spe¬ 
cific  Electrical  Conductivity  of 
Fuel 


VSfiJihMn  aacKrponpoBOA* 

llOCn  TODitlilt. 

DpcMfl  ciiniKounii  aapiiAa 
crnmnccKoro  anoKTpnqo* 
P  cna  iia  SOH* 

CCK. 

10“** 

130 

10~‘* 

13,0 

10”“ 

1,30  < 

10”“ 

0,13 

10”“ 

aoi3 

1)  Specific  electrical  conductiv¬ 
ity  of  fuel,  ohm**^  cm“J;  2)  time 
required  to  reduce  static -electri¬ 
city  ch2trge  by  50J^,  sec. 


It  has  been  established  by  Investigation  that  the  time  required 
for  the  formation  of  static  electricity  Is  significantly  affected  by 
many  operational  factors  such  as,  for  example,  the  pumping  rate,  the 
presence  of  mechanical  Impurities  In  the  fuel,  the  presence  of  %(ater 
and  air,  as  well  as  the  conditions  of  storage  and  temperature. 
Influence  of  Fuel  Pumping  Rate 

All  other  conditions  being  equal,  the  the  higher  the  pumping  or 
fuel-drainage  rate,  the  greater  the  quaiitlty  of  static  electricity 

TABI£  229 

Influence  of  Fuel  Pumping  Rate  on  Forma¬ 
tion  of  Static  Electricity 

kKo.iH«iecTio  paipnAO*  eraTti*wcKoro 
frpR'tCCTU  (7««)  31  lO'MHRyTNyiO  BcpaK«RKy 
PeaKntsBot  tooum  —  i 


cKopocTh  nepeKtRKB  cKopocTfc  nepeManmi 
3  SOO  MaImUH  1500 


formed.  This  quantitative  relationship  is  clearly  illustrated  by  the 
laboratory -Investigation  data  presented  in  Table  229. 


Influence  of  Jet  Fuel  Purity 

Mechanical  impurities  in  a  fuel  have  a  significant  effect  on  the 
speed  with  which  static  electricity  Is  formed i  the  purer  the  fuel«  the 


TABLE  230 

Influence  of  Jet -Fuel  Purification  on  For¬ 
mation  of  Static  Electricity  During  Pumping 


1 

OIUCtKII 

TOUAUa 

VA^uiai  Mempo- ' 
npoNAtocTk, 
fc**"* 

1 

oKojinMeTM  paapi* 
cTaTURcciiora 
J.IOKTpiieCTM  M 

•peiu  lO-MiiijTiot 
ncpeiURMa  (7  si) 

4  TMi.iitito  JP-5  6ca 

••'inCTKR  ..... 

5  UnMso.inunouR** 

otiicTKa  cexMiure- 

1 

IJXlO-** 

40 

flOH  . 

5  IxtUITRKTKaR  OVRCniR 
raMHod  ....... 

7  rnApo^opimRr  ... 
3  Muitpo4«aup«qM  ! 

0005X10-**  V 

ooooxior** 

0005x10-** 

00i3xi0-** 

'  0  . 

0 

5 

10 

1)  Methods  of  fuel  purification;  2)  specific 
electrical  conductivity,  ohm*^  cm-1;  3)  num¬ 
ber  of  static-electricity  discharges  during 
lO-minute  pumping  period  (7  hv);  4)  JP-5  fu¬ 
el  without  purification;  5)  percolation  pu¬ 
rification  with  silica  gel;  6)  contact  puri¬ 
fication  with  clay;  7)  hydraulic  forming;  8) 
ffiicroflltration. 


slower  the  formation  of  static  electricity. 

Below  we  present  data  on  the  effect  exerted  by  the  presence  of 
mechanical  Impurities  in  a  Jet  fuel  on  the  formation  of  static -elec 


triclty  discharges  (7  kv): 

JP-5  fuel  without  mechanical  impurities . 15 

JP-5  fuel  with  finely  fragmented  tank- 

car  deposits  .  .  27 


Mechanical  impurities  can  be  I'emoved  from  a  fuel  by  filtration, 
at  the  same  time  reducing  the  tendency  of  the  fuel  to  fonn  static 


electricity  during  pumping  or  aircraft  fueling  (Table  230). 

Influence  of  Water  and  Air  Bubbles 

It  has  been  established  that  in  the  presence  of  dissolved  and 
dispersed  water  In  a  fuel  there  Is  a  substantial  Increase  In  the  for¬ 
mation  of  static  electricity.  However,  the  presence  of  an  individual 
layer  of  water  at  the  bottom  of  the  tank  sometimes  exerts  no  effect 
whatsoever  or  reduces  the  formation  of  static  electricity.  Under  the 
Influence  of  water  In  a  Jet  fuel  the  following  quantities  of  static 


electricity  (7  kv)  are  formed: 

Dried  aviation  kerosene . 6o 

Aviation  kerosene  with  dissolved  water  .  120 

Aviation  kerosene  +  O.SjS  finely  dis¬ 
persed  water . 150 

Aviation  kex*osene  +  0. of  water  at 

the  bottom  of  the  tank  car .  0 


Given  the  presence  of  air  bubbles  In  the  fuel,  as  a  rule,  there 
la  an  Increase  In  the  tendency  of  the  fuel  to  form  static  electricity 
during  pumping,  and  this  can  be  seen  from  the  cited  data  (Uie  air-feed 


rate  Into  the  fuel  Is  500  ml/mln). 

JP-3  fuel  without  air  .  7 

JP-5  fuel  with  lai'ge  air  Imbbles . .  12 


JP-5  fuel  with  small  air  bubbles . .  22 

Effect  of  Temperature 

It  has  been  established  experimentally  that  in  the  majority  of 
cases  In  which  a  fuel  is  heated  from  10^  to  the  tendency  of  the 
fuel  to  form  static  electricity  weakens  (Table  231).  But  individual 
cases  were  noted  in  which  the  same  heating  resulted  in  more  pronounced 
formation  of  static  electricity  tJP-4  (D)]. 

Significant  chemical  changes  occur  in  the  fuel  under  the  action, 
of  high  temperature;  In  certain  cases  insoluble  sedimentation  forms 
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TABIE  231 

Effect  of  Fuel  Heating  on  the  Formation  of 
Static  Electricity 


iPeaMTHtnot 

TOiuaM 

KoJin^ecno  paapiiAou  cTarnHccKOTO  aaentps' 
2  ^ecTM  Dpn  TCMHopaTyjie  nopoKaqKi 

10 

27 

40 

JP-4(A) . 

3 

2 

» 

0 

JP-4(B) . 

176 

135 

10 

JP-4  (C) . 

125 

118 

23 

JP-4(D) . 

153 

230 

553 

1)  Jet  fuelj  2)  nuinber  of  statlc-electri- 
clty  discharges  at  the  pumping  temperature 
(10  min.),  ®C. 

the  fuel.  At  the  present  time.  In  the  USA,  the  thermal  stability  of 
Jet  fuels  Is  generally  determined  by  meauns  of  a  "Koker”  instrument 
which  determines  the  quantity  of  sedimentation  formed  in  the  fuel. 

Investigations  have  shown  that  a  Jet  fuel  that  has  i>assed  the 
thexTOal-stabllity  test  on  the  “Koker”  device,  in  %diloh  it  was  heated 
to  130^,  substantially  increased  its  capacity  to  form  static  electri¬ 
city,  and  this  can,  apparently,  be  explained  by  the  formation  of  the 
tiniest  of  solid  carbon  particles  in  the  fuel  (Table  232). 

An  analogous  situation  is  observed  in  the  case  of  the  synthetic 
addition  of  carbon  substances  to  the  Jet  fuel.  Even  the  slightest  ad¬ 
dition  of  petroleum  asphalt  (0.005-0.0005^)  results  in  a  pronounced 
Inoi'ease  in  the  ability  of  the  fuel  to  fona  static  electricity  during 
pusq>ing  (Table  233). 

As  we  can  see  from  Table  233,  the  sediment  that  does  not  dissolve 
in  ligroin  brings  abeut  the  more  ps^^nounced  tendency  of  the  fuel  to 
the  formation  of  static  electricity. 
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TABLE  232 

Effect  of  High-Temperature  Treatment  of 
Fuel  on  the  Formation  of  Static  Electri¬ 
city 


1 

PeaxTiiBHoe 

TOnBlIBO 

KoniinecTBO  paspjiAOB  CTarmecKoro  ojicKTpnno- 
2  cina  (7  K«)  upii  lO-niinyTiioii  nopcKa'iKe 

3 

onpe;tP.’jeiinn  TcpMn- 
BCCKOU  CTaCltabllOCTU 

noMO  onpoRoaoiina  rep- 
MiinecKOfi  CTnriit.iijnocTa 
(narpoB  Toiinima  ;io  150*) 

JP-4(A) 

s 

13 

JP-4(B) 

!  13 

30 

JP-4(C) 

81 

190 

1)  Jet  fuel;  2)  number  of  static-electri¬ 
city  discharges  (7  kv)  during  10-minute 
pumping;  3)  prior  to  determination  of 
thermal  stability;  4)  after  determination 
of  thermal  stability  (fuel  heated  to  150*^). 


TABLE  233 

Effect  of  the  Addition  of  Carbon  Matter  (Petroleum 
Asphalt)  to  a  Fuel  on  the  Formation  of  Static  Elec¬ 
tricity 


1  Tonanno 

- 2 - 

yacawinfl  oaoKTpoiipo- 

OOAHOCTb,  Oa*~*  CM  ’ 

KomstecTBO  patpiiAO* 
cTBiuxecKoro  8aexTpa'ie> 

cTia 

1 

4 

Tonanso  JP-5  (les  sodaBox 

0.011X10““ 

;  4 

5  Toit.iimo  JP-5  -P  0,005% 

T  'lioro  Citryua . 

0,5X10““ 

130 

6x011.11100  JP-5 -f- 0,005%  ue$- 
Tfluoro  CiiTyMa,  pacTBopu- 
uoro  B  anrponue  .... 

1,9X10““ 

> 

131 

7  TonaHDO  JP-5  +  0,0005% 
ne^TRUoro  OiiryMa,  iiepao- 
TDopciinoro  b  axrpoune 
OllaooKTau  Oca  aoSbbok  .  . 

1,20X10““ 

0,0008X10““ 

112 

1 

IlaooKTau  -f  0,0005%  He$- 
9  TBUoro  Cutyua . 

•  0,0084X10““ 

2 

1)  Fuel;  2)  specific  electrical  conductivity, 

ohm  cm”"^:  3)  number  of  static-electricity  dis¬ 
charges;  4)  JP-5  fuel  without  additives;  5)  JP-5 
fuel  +  0. 005J^  petroleum  asphalt;  6)  JP-5  fuel  + 

+  0,003^  petroleum  asphalt,  dissolved  In  ligroin; 
7}  JP-5  fuel  +  0.0005^  petroleum  aephftlt*  not  dis¬ 
solved  in  ligroin;  8)  Isooctane  without  additive; 
9)  isooctane  +  0,0003^  petroleum  asphalt. 
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■t::ffect  of  Fuel  Oxidation  During  Storage 

There  is  a  pronounced  increase  in  the  capacity  to  form  static 
electricity  during  pumping  of  a  fuel  which  oxidized  during  storage  and 
in  which  the  content  of  potential  tars  increased  {Table  234). 


TABLE  234 

Effect  of  Fuel  Oxidation  on  the  Forma 
tlon  of  Static  Electricity  During 
Pumping  (Fuel  Stored  in  a  200 -Liter 
Barrel  at  77°) 
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1)  Du:  ition  of  storage  (days);  2)  po¬ 
tent  1.  .  i urs  in  fuel,  mg/lOO  mk  [sic]; 

3)  number  of  static-electricity  dis¬ 
charges;  4)  prior  to  storage. 

Effect  of  Irradiation  of  JP-4  Jet  Fuel 

It  has  been  established  by  research  that  the  irradiation  of  JP-4 

Jet  fuel  with  ultraviolet  as  well  as  gamma  rays  brings  about  an  accel 


TABLE  235 

Effect  of  Ultraviolet  Irradiation  of  Fuel  on  the 
Formation  of  Static  Electricity  During  Pumping 
( 10  min. ) 
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1)  JP-4  Jet  fuel  specimens;  2)  prior  to  irradia¬ 
tion;  3)  after  irradiation;  4)  number  of  statlo- 
electricity  discharge.s;  5)  potential  tars, 
mg/lOO  ml. 


.nation  of  the  fuel-oxidation  process;  in  this  case,  there  is  a  pro 
nounced  increase  in  the  content  of  potential  tars  in  the  fuel. 


In  almost  all  cases  of  fuel  Irradiation  with  ultraviolet  rays, 

the  formation  of  static  electricity  increases  during  the  pumping  of 

this  fuel  (Table  235). 

* 

Wlien  a  fuel  is  irradiated  with  ultraviolet  rays,  not  only  do  we 


find  an  increase  in  the  content  of  potential  tars,  but  a  sediment  of 
about  0.  55^  is  formed.  Below  we  present  the  composition  and  quantity  of 
sediment  by  weight)  which  forms  in  JP-4  jet  fuel  which  has  been  ir¬ 
radiated  with  ultraviolet  lays. 

Carbon  . . 57.32 

Hydrogen  . . . . 6. 60 

Oxygen  . . 24. 19 

Sulfur  . 5.07 

Nitrogen . .  3. 59 

Ash  . 3. 03 

The  Irradiation  of  the  JP-4  Jet  fuel  with  gamma  rays  also  signif¬ 
icantly  Increases  the  formation  of  static  electricity  during  the  pump¬ 
ing  of  the  fuel  (Table  236). 


TABLE  236 

Effect  of  Irradiation  of  Jet  Fuel  with  Oamma 
Rays  on  the  Formation  of  Static  Electricity 
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1)  JP-4  fuel  specimens;  2)  prior  to  irradia¬ 
tion;  3)  after  irradiation;  4)  number  of  static- 
electricity  discharges;  5)  potential  tars, 
mg/lOO  ml. 


At  hat  already  batn  shown  above,  all  light  petroleum  products  in 

10  1 

pure  form  have  a  specific  electrical  conductivity  below  10  ohm  . 
•cm*^  and  tmder  certain  conditions  exhibit  the  capacity  to  form  a 


charge  of  static  electricity.  It  has  been  established  experimentally 


.hat  with  an  increase  in  the  electrical  conductivity  of  the  fuels 
above  10”^^  ohin~^  cm”^  the  danger  of  static-electricity  formation  dur¬ 
ing  operations  with  the  fuel  is  markedly  reduced. 

It  is  on  exactly  this  phenomenon  that  we  base  the  proposed  method 
of  eontroUihg  the  formation  of  statlo-olectrlolty  charges  in  fuels 
through  the  addition  of  special  additives. 

It  has  been  noted  that  the  introduction  of  a  negligible  quantity 
cf  certain  substances  such  as,  for  example,  acids,  alkalis,  and  al¬ 
kali  salts  to  a  fuel  significantly  increases  its  electrical  conductiv¬ 
ity.  It  has  also  been  noted  that  the  greatest  effect  is  produced  by 
those  additives  exhibiting  high  surface  activity. 

.  For  example,  the  petroleum  company  "Royal  Dutch  Shell  Company" 
has  experimented  with  the  utilization  of  the  additive  "Sa-Aerosol  OT" 
to  control  the  formation  of  static  electricity  during  warehouse  opera¬ 
tions.  However,  the  method  of  preventing  the  formation  of  static  elec¬ 
tricity  in  fuels  by  means  of  additives  has  not  yet  passed  beyond  the 
stage  of  laboi*atory  and  operational  tests. 

We  know  from  the  literature  that  in  vi^^w  of  a  number  of  specific 
conditions  the  formation  of  static  electricity  in  a  fuel  is  particu¬ 
larly  likely  during  operations  e.t  the  petroleum  storage  areas  at  air¬ 
ports  and  during  the  fueling  of  aircraft.  It  is  precisely  here  that 
the  latest  equipment  is  employed,  as  well  "s  fast  pumping  speeds  and 
fine  fuel  filtration,  l.e.,  favorable  conditions  are  provided  for  the 
appearance  of  a  great  chai'ge  of  static  electricity.  . 

To  eliminate  the  danger  of  explosion  and  fire  the  petroleum  com¬ 
pany  "British  Petroleum  Company,"  servicing  the  civil  aviation  of 
Great  Britain,  recommends  the  observation  of  the  following  rules  dur- 
■  fuoling  of  passenger  aircraft. 

1.  Prior  to  start  of  aircraft  fueling  or  removal  of  fuel  from 
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aircraft  tanks,  the  aircraft  and  all  fueling  devices  must  be  properly 
and  tightly  attached  to  one  another  and  grounded. 

2.  During  aircraft  fueling,  with  the  passage  of  the  fuel  through 
the  fuel  system,  the  flexible  hose,  and  the  fueling  nozzle,  static 
electricity  appears.  To  remove  this  charge  of  static  electricity  the 
flexible  hose  must  be  enclosed  in  a  metal  spiral  and  the  manifold, 
hose,  and  fuel  nozzle  must  be  connected  and  grounded. 

3.  The  tank  of  the  fuel  truck,  the  pump,  the  flowmeter,  and  the 
manifold  must  be  reliably  connected  by  copper  wires  to  a  chassis 
through  which  they  are  grounded. 

4.  The  flexible  hoses  and  the  fuel  nozzles  must  be  reliably  con¬ 
nected  to  the  airplane  being  fueled  prior  to  the  start  of  fueling  and 
this  must  be  accomplished  by  means  of  special  wires  and  plugs. 

5.  All  connections  and  contacts  on  fuel  trucks  Intended  for  the 
removal  of  static  electricity  must  be  carefully  checked  each  and  every 
day  prior  to  start  of  operations. 

6.  Special  points  for  the  grounding  of  aircraft,  fuel  trucks, 
hoses,  and  tow  trucks  must  be  provided  on  an  airfield  at  the  points  of 
aircraft  fueling.  The  grounding  points  must  be  positioned  so  as  to  be 
easily  accessible;  they  must  be  available  In  sufficient  numbers. 

7.  All  aircraft -fueling  operations  or  all  operations  Involving 
the  removal  of  fuel  from  aircraft  tanks  must  be  brought  to  a'  halt 
when  a  storm  Is  close  to  the  airport  or  actually  over  It. 
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[List  of  Transliterated  Symbols] 

s  t.v  =  tempera tura  vspyshk  =  flash  point 
=  topllvo  =  fuel 
at  =  atmosfemyy  =  atomospheric 

\ 

TES  =  tetraetllsvlnets  =  tetraethyl  lead 


Chapter  30 

TOXICITY  OP  RJEIS  AND  OXIDIZERS 

All  motor  fuels  are  toxic  to  some  extent «  and  because  of  failure 
to  apply  the  required  measures  of  care  and  safety  In  handling  such 
fuels j  they  represent  a  certain  damger  to  health  and  even  life. 

Poisoning  may  result  If  a  fuel  enters  the  human  organism: 

1)  through  the  respiratory  tract  (inhalation  of  vapors); 

2)  through  the  gastrointestinal  tract  (swallowing); 

3)  through  the  skin; 

4)  through  the  mucous  membrane  of  the  eyes  (In  liquid  or  vapor 
state). 

Poisoning  through  the  respiratory  tract  Is  most  dangerous,  first 

O 

of  all,  because  of  the  great  Intake  surface  of  the  lungs  (about  90  m 
In  an  adult)  and,  secondly,  because  of  the  ease  with  which  the  poisons 
can  pass  through  the  lung  alveolae  Into  the  circulation  system.  Tkie 
poison  acts  almost  20  times  more  rapidly  through  the  respiratory  tract 
than  It  does  through  the  gsistrolntestlnal  tract. 

Only  those  toxic  substances  which  are  soluble  In  fats  and  the 
fatty  substances  of  the  organism  can  paiss  through  the  Integument  into 
an  organism. 

The  danger  of  poisoning  Increases  with  a  rise  In  the  temperature 
of  the  ambient  air,  since  In  this  case  the  evaporation  of  fuel  Is  ac¬ 
celerated  (the  concentration  of  fuel  In  the  air  being  Inhaled  Is  In¬ 
creased),  the  respiration  rate  Increases,  the  cutaneous  vessels  expand, 
and  there  Is  pronounced  penetration  of  the  fuel  Into  the  organism. 


Therefore,  causes  of  poisoning  are  more  frequent  In  the  summer  thai.  lii 
the  winter. 


The  poisonous  effect  of  a  fuel  also  depends  on  the  individual 
features  of  the  h\unan  organism.  People  who  have  Just  recently  recovei't- 
from  a  disease  or  who  suffer  from  chronic  diseases  of  the  nervous  sys¬ 
tem,  the  liver,  kidneys,  or  the  blood  are  particularly  sensitive  to 
the  effect  of  poisons. 

We  distinguish  two  types  of  poisoning  —  acute  and  chronic.  Acute 
poisoning  involves  the  development  of  poisoning  symptoms  within  sev¬ 
eral  seconds  -  the  lightning  form  -  to  many  hours  after  the  toxic  dose 
of  poison  has  begun  to  take  effect.  Chronic  poisoning  Involves  poison¬ 
ing  which  develops  as  a  i*esult  of  the  prolonged  action  of  low  concen¬ 
trations  of  toxic  substances,  generally  producing  no  poisoning  symp¬ 
toms  if  inhaled  only  once,  even  after  a  period  of  several  hours. 

THE  TOXICITY  OF  GASOLINES 

Vapor  poisoning  is  most  commonly  encountered  in  the  handling  of 
gasoline. 

The  mayimiim  permissible  concentration  of  gasoline -solvent  vapors 
in  air  is  0.3  mg/l,  and  in  the  case  of  motor  gasoline  (cracking,  etc.) 
the  la  0.1  mg/l  [5l.  At  higher  concentrations,  both  acute  and 

chronic  poisoning  may  occur. 

Acute  Poisoning 

Because  of  its  high  volatility,  gasoline  evaporates  particularly 
rapidly.  Therefore,  if  an  open  gasoline  container  were  left  in  a 
closed  or  poorly  ventilated  enclosure  or  if  the  gasoline  were  to  be 
poured  and  redistributed  in  various  containers  in  this  enclosure,  the 
surrounding  air  would  rapidly  become  saturated  with  the  gasoline  va¬ 
pors  and  the  concentration  of  these  vapors  in  the  air  would,  within  a 
short  period  of  time,  perhaps  become  dangerous  to  human  life.  A  con- 


centratlon  of  vapors  (from  any  gasoline)  of  35-^0  mg/l  in  the  air  is 
regarded  dangerous  for  human  life  when  inhaled  for  5  bo  10  minutes 
[1].  The  inhalation  of  air  containing  lower  concentrations  will  not 
immediately  produce  poisoning.  Within  a  very  few  minutes  after  air 
containing  a  gasoline  concentration  of  5  to  10  mg/l  the  individual 
will  begin  to  suffer  from  a  headache,  experience  unpleasant  sensations 
in  the  throat,  coughing,  and  Irritation  of  the  mucous  membrane  in  the 
nose  and  eyes.  A  longer  stay  in  such  an  atmosphere,  as  well  as  an  in¬ 
crease  in  the  gasoline -vapor  concentration,  will  result  in  more  pro¬ 
nounced  poisoning  phenomena,  instability  of  gait  sets  in,  as  do 
dizziness,  weakness,  stimulation  similar  to  alcohol  Intoxication, 
dryness  of  mouth,  and  nausea;  if  the  victim  is  not  immediately  removed, 
loss  of  consciousness,  serious  cramps,  dilation  of  pupils,  and  respi¬ 
ratory  weakness  (possibly  stopping  entirely)  set  in. 

■Effect  of  Internal  Consumption 

Poisoning  may  also  occur  if  the  gasoline  is  taken  internally. 

This  is  roost  frequently  encountered  when  drivers  draw  gasoline  into 
their  mouths  through  siphoning  hoses;  it  is  found  much  less  frequently 
as  a  result  of  gasoline  being  mistaken  for  a  potable  liquid.  Such 
"consumption"  of  gasoline  internally  frequently  results  in  serious 
illness  -  inflammation  of  the  lungs  (pneumonia). 

Chronic  Poisoning 

Chronic  polsoniiig  by  gasoline  vapors  occurs  when  vapor  concentra¬ 
tions  in  excess  of  the  maximum  permissible  limits  are  encountered  on  a 
regular  basis.  The  basic  symptoms  of  chronic  poisoning  are  headache, 
letliai’gy,  tendency  to  become  easily  tired,  loss  in  weight,  irritabil¬ 
ity,  drowsiness,  or  insomnia, 

Chi'onic  inflammation  of  the  mucous  membrane  of  th<j  eyes,  more 
frequent  respiratory -tract  diseases,  etc.,  may  be  the  result  of  the 
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action  of  gasoline  vapors. 

Effect  on  Skin 

Qasollne  can  also  produce  a  harmful  local  effect  on  contact  with 
the  skin.  It  stimulates  the  nerve  endings  of  the  skin,  and  this  causes 
sklri  Irritation  (burns.  Itching),  and  expansion  of  blood  vessels  (red¬ 
dening,  edema).  Since  gasoline  is  a  good  solvent  of  fats.  It  dissolves 
the  cutaneous  fat.  Deprived  of  its  fat  the  skin  dries  out.  Cracks  form 
more  easily  on  a  dry  skin,  and  such  cracks  provide  fertile  soil  for 
the  development  of  Infections:  pyodenna,  eczema.  Such  diseases  develop 
most  frequently  in  gas-station  attendants,  drivers  (chauffeurs),  etc. 

If  the  body  remains  In  contact  for  a  prolonged  period  of  time  with  a 
gasoline -soaked  cloth,  reddening  of  the  skin  sets  In  and  blisters  ap¬ 
pear.  Gasoline  can  penetrate  the  human  organism  through  undamaged 
skin  as  well,  but  since  no  conditions  prevail  within  the  organism  for 
the  accumulation  of  gasoline.  It  Is  rapidly  exhaled  through  the  lungs. 
This  property  of  gasoline  must  always  be  borne  In  mind,  since  various 
substances  dissolved  In  the  gasoline  can  penetrate  through  the  undam¬ 
aged  skin  to  the  human  organism  together  with  the  gasoline;  we  have 
reference  here  to  such  substances  as  the  antiknock  additive  tetraethyl¬ 
lead,  which  Is  capable,  even  In  small  quantities,  of  producing  serious 
poisoning. 

Preventive  Measures 

To  prevent  the  possibility  of  poisoning  in  handling  gasolines, 
the  following  Is  necessary. 

1.  In  the  enclosure  In  which  motor  fuel  Is  being  handled  and  In 
which  elevated  oonoentratione  of  motor-fuel  vapore  may  occur,  it  is 
necessary  to  provide  for  fresh -air/exhaust  ventilation  with  floor  and 
celling  exhaust. 

2.  In  cleaning  petroleum  products  out-  of,  and  In  repairing,  tank 


cars  and  other  storage  containers  they  must  first  be  thoroughly 
flushed  with  air  or  steam.  All  work  of  this  type.  Involving  an  atmos¬ 
phere  with  a  high  fuel-vapor  content,  must  be  carried  out  In  the  pre¬ 
sence  of  a  second  Individual  (a  safety  man). 

3.  Workers  called  upon  to  work  In  an  atmosphere  with  high  concen¬ 
trations  of  gasoline  vapors  must  undergo  preliminary  and  periodic 
medical  examinations. 

4.  All  workers  periodically  subjected  to  the  effect  of  high  con¬ 
centrations  of  gasoline  vapors  must  know  how  to  offer  first  eild  to  an 
Injured  worker  and  how  to  perform  artificial  respiration. 

5.  To  prevent  skin  Irritations  the  workers  must  wear  special 
clothing,  wash  their  hands  frequently  with  soap,  and  use  protective 
salves. 

6.  On  Jobs  (even  of  short  duration)  under  conditions  of  high  con¬ 
centrations  of  gasoline  vapors  It  is  necessary  to  use  hose-type  FSh-1, 
FSh-2  gas  masks,  or  the  KIF-3  or  RKR-3  oxygen  devices. 

7.  If  splashed  to  any  significant  degree  with  gasoline.  It  Is 
necessary  to  remove  clothing  (replacing  It  or  airing  It  until  all 
traces  of  odor  disappear)  and  take  a  hot  shower. 

First  aid 

If  poisoning  has  occurred,  the  Injured  must  first  of  all  be  re¬ 
moved  (carried  out)  into  the  fresh  air  from  the  harmful  atmosphere, 
and  a  doctor,  must  be  called. 

Before  the  arrival  of  the  doctor.  If  excitation  should  set  in 
valerian  drops  should  be  administered*  If  respiration  Is  markedly  weak 
or  faintness  has  set  In,  the  injured  should  be  given  spirits  of  ammonia 
to  smell  and  pure  oxygen  to  Inhale.  In  more  serious  cases.  If  breathing 
has  stopped  entirely,  artificial  respiration  should  Immediately  be 
undertaken  and  continued  imtll  (and  this  may  sometimes  take  hours)  In- 
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dependent  breathing  Is  restored.  After  the  restoration  of  normal  res¬ 
piration  the  Injured  should  be  fed  strong  tea  or  coffee  and  removed  to 
the  closest  hospital. 

If  the  mucous  membrame  of  the  eyes  should  become  Irritated^  It 
must  be  washed  with  a  soda  solution  or  with  pure  water. 

TOXICIOY  OF  KEROSENE  AND  DIESEL  FUEL 

The  poisonous  effect  of  kerosene  and  diesel  fuel  Is^  for  the  most 
part,  similar  to  the  poisonous  effect  of  gasoline.  Exhibiting  lower 
vapor izabllityj  these  products  exert  a  less  pronounced  over -all  effect 
on  the  human  organism,  but  the  Irritating  effect  of  kerosene  and 
diesel  fuel  has  a  more  pronounced  effect  (in  vapor  form)  on  the  mucous 
membrane,  an(3  a  more  pronounced  effect  on  the  skin  (in  liquid  form). 

The  maximum  pexmisslble  concentration  of  kerosene  and  dlesel-fuel 
vapors  in  the  air  is  0.3  iQg/^  C3]* 

Acute  Poisoning 

Phenomena  of  acute  poisoning  may  develop  on  Inhalation  of  large 
concentrations  of  kerosene  and  diesel -i*uel  vapors.  Drowsiness,  the 
tendency  to  tire  easily,  ringing  In  the  ears,  headaches.  Irritability, 
digestion  disturbances,  irritation  of  the  upper  respiratory  tract,  and 
sometimes  burning  In  the  eyes  Is  noted  in  victims  of  this  type  of 
poisoning.  However,  when  working  in  open  air,  as  a  rule,  concentrations 
of  vapors  sufficient  to  produce  poisoning  are  generally  not  encount¬ 
ered.  therefore,  oases  of  acute  poisoning  as  a  result  of  kerosene  and 
dlesel-fuel  vapors  are  encountered  quite  rarely. 

Chronic  Poisoning 

Chronic  poiaonlng  due  to  kerosene  and  dlesel-fuel  vapors  is  en¬ 
countered  comparatively  rarely. 

In  Reference  [1]  we  find  a  description  of  cases  In  which,  after 
pt«olonged  work  with  kerosene  (from  5  weeks  to  3-4  yeeurs)  the  following 
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symptoms  associated  with  chronic  poisoning  were  established:  headaches > 
loss  of  appetite.  Itching  of  skin  on  hands,  pain  near  heart,  emacia¬ 
tion,  general  weakness,  lns<»nnla,  etc. 

Effect  on  Skin 

Kerosene,  more  frequently  than  gasoline,  on  coming  Into  contact 
with  the  skin  produces  acute  and  chronic  diseases  of  the  cutaneous 
cover. 


When  a  stream  of  kerosene  under  pressure  strikes  the  fingers  on 
a  hand,  pain  and  numoness  set  In  during  the  first  hours;  after  2  to 
3  hours,  there  Is  pronounced  edema,  and  a  minute  opening  forms  at  the 
point  of  stream  contact.  The  sharp  pain  and  edema  last  for  8  to  10 

The  preventive  measures  and  first  aid  are  the  same  as  In  handling 
gasolines. 

TOXICm  OP  BENZENE 

Benzene  vapors  ai‘e  substantially  more  toxic  than  gasoline  vapors. 
Benzene  Is,  first  of  all,  a  nerve-cell  poison.  The  prolonged  action  of 
benzene  will  produce  the  degeneration  of  the  fatty  tissue  of  internal 
oi'gans,  vascular  walls,  serious  daxoage  to  the  hematogenetic  organs 
(bone  mariNDw) ,  reduced  blood  coagulation  with  increased  vascular  brit¬ 
tleness  (bleeding  fx'om  mucosae),  and  there  is  also  a  pronounocHi  drop 
in  the  resistance  of  the  ox*ganism  to  all  types  of  Infection. 

Ihe  maximum  pei'mlssible  ooticentiNitlon  of  benzene  vapors  in  air  Is 
0.02  m^/1 
Acute  Poisoning 

Pnute  poisoning  by  benzene  is  possible  when  cleaning  benzene  fr<»& 
tanks,  when  uslr.g  benzene  in  ccxsblnation  with  fast -drying  paints  while 
worklJ^g  in  poorly  ventilated  enclosures  or  In  chemistry  l^>oratorles. 
In  cases  of  slight  poisoning,  the  victim  suffers  from  headaches,  red- 


dening  of  the  face,  stimulation  (similar  to  alcoholic  Intoxication), 
quickly  replaced  by  paleness  and  dizziness. 

Given  a  more  prolonged  exposure  to  benzene  vapors  or  given  an  In¬ 
creased  concentration  of  these  vapors,  loss  of  consciousness  may  occur. 

In  serious  cases,  loss  of  consciousness,  respiratory  Impairment, 
and  a  drop  In  cardiac  activity  take  place  almost  Instantaneously;  If 
no  medical  aid  is  available,  death  may  occur. 

Slight  cases  of  benzene  poisoning  generally  leave  no  trace.  After 
serious  poisoning,  however,  prolonged  Impairment  of  health  Is  noted; 
(diseases  of  the  central  nervous  system,  the  liver,  and  the  lungs). 
Chronic  Poisoning 

In  actual  practice,  we  encounter  more  frequently  phenomena  of 
chronic  rather  than  acute  benzene-vapor  poisoning.  This  form  of  poison¬ 
ing  develops  during  extensive  work  with  benzene,  even  under  conditions 
of  low  benzene-vapor  concentrations  in  the  air.  Chronic  benzene  pois¬ 
oning  results  In  numerous  changes  in  almost  all  organs  of  the  human  or¬ 
ganism. 

Workers  complain  of  over-al3  weakness,  headaches,  dizziness,  and 
poor  appetite.  Sometimes  the  symptoms  Include  bleeding  gums,  nosebleed, 
and  petechial  hemorrhages  on  the  skin.  Changes  in  the  composition  of 
the  blood  (reduced  numbers  of  white  blood  cells,  etc.)  are  quite  char¬ 
acteristic  of  chronic  benzene  poisoning. 

Effect  on  Skin 

If  benzene  comes  into  contact  with  the  skin  frequently,  pronounced 
irritation  may  result;  reddening,  itching,  edema,  blister  rashes,  ec- 

ze:na.  The  effect  of  benzene  is  more  pronounced  on  the  skin  than  Is  the 

< 

effect  of  gasoline  or  kerosene.  It  has  been  demonstrated  that  benzene 
may  be  drawn  Into  the  organism  through  undamaged  skin. 

The  preventive  measures  and  first  aid  for  acute  cases  of  benzene 


poisoning  are,  for  the  most  part,  the  same  as  in  work  with  gasoline. 

Individuals  called  upon  to  work  for  prolonged  periods  with  ben¬ 
zene  must  undergo  medical  examinations  every  6  months  and  an  analysis 
of  the  blood  is  mandatory.  If  changes  in  the  blood  are  detected,  these 
individuals  must  be  transferred  to  other  Jobs  which  do  not  involve 
contact  with  benzene. 

TOXICITY  OP  ETHYL  PLUID 

If  not  handled  carefully,  ethyl  fluid  represents  great  dfiuiger 
both  from  the  standpoint  of  health  and  life.  The  most  toxic  component 
part  of  ethyl  fluid  is  tetraethyllead. 

Tetraethyllead  is  an  extremely  powerful  poison.  It  penetrates 
easily  into  the  organism  through  the  respiratory  organs,  and  is  .also 
easily  drawn  in  through  undamaged  skin.  Even  an  insignificantly  small 
quantity  of  tetraethyllead,  in  the  organism,  can  result  in  serious 
illnesses. 

The  maximum  pennissible  concentration  of  TES  [3EL  -  tetraethyl¬ 
lead]  in  the  air  is  0.000005  mg/2  C5]» 

The  danger  in  handling  ethyl  fluid  is  increased  by  the  follow¬ 
ing. 

1.  V.'ood  atid  other  porous  materials  soak  up  ethyl  fluid  well.  Wool, 
cotton,  anu  linen  clothing,  as  well  as  leather  footweai^  do  not  protect 
the  body  against  liquid  drops  or  vapors  of  ethyl  fluid.  Absorbing 
these,  they  esui  become  sources  of  serious  illnesses.  In  other  words, 
all  objects  that  come  into  contact  with  ethyl  fluid  become  dangerous 
from  the  statidpoint  of  health  until  such  time  as  they  are  degassed. 

2.  If  etliyl  fluid  comes  into  contact  with  the  body  there  Is  no 
sensation  of  pain,  burning,  itching,  nor  is  there  any  irritation  of 
the  eyes  or  the  respiratory  tract,  thus  producing  the  false  impression 
that  such  contact  with  ethyl  fluid  has  no  harmful  effect  on  one's 


health. 


3»  Tetraethyllead  exhibits  the  capacity  to  accumulate  In  the  or¬ 
ganism.  Penetrating  the  organism  In  an  Insignificant  quantity,  tetra¬ 
ethyllead  need  not  Immediately  affect  the  health  of  the  individual, 
but  rather  at  such  time  as  the  quantity  of  tetraethyl  lead  in  the  or¬ 
ganism  has  Increaised  to  a  certain  limit  as  a  result  of  new  accumula¬ 
tions.  This  latent  period  may  last  anywhere  from  several  hours  to  sev¬ 
eral  days. 

Cases  of  poisoning  as  a  result  of  lead  compounds  have  been  ob¬ 
served  in  cases  of  inhalation  of  dust  formed  in  the  cleaning  of  an  en¬ 
gine  motor,  and  in  cases  of  inhalation  of  scale  formed  after  the  op¬ 
eration  of  an  engine  on  ethylated  gasoline. 

Acute  Poisoning 

Ethyl  fluid  causes  serious  impairment  of  the  activity  of  the  cen¬ 
tral  nervous  system.  In  the  case  of  slight  poisoning,  there  is  a  weak¬ 
ening  of  the  pulse  (less  than  50  beats  per  minute),  a  drop  in  body 
temperature,  as  well  as  a  drop  in  arterial  pressxire. 

Acute  poisoning  results  in  violent  reactions.  The  victim  is  ex¬ 
tremely  excited,  suffers  from  visual  and  aural  hallucinations,  becomes 
excessively  talkative,  refuses  food,  cannot  fal).  asleep,  becomes  ag¬ 
gressive,  exhibits  suicidal  tendencies,  and  develops  ccxnplexes  of  per¬ 
secution  and  guilt.  Acute  poisoning  may  end  in  the  death  of  the  victim 
within  the  first  few  hours  after  the  polsotilng,  or  after  3  to  5  days 
or  more. 

We  know  of  tiie  following  case  of  serious  poisoning  [6].  Troops 
from  a  particular  Qerm:»i  army  unit  assumed  a  barrel  containing  ethyl 
fluid  (without  markings)  to  be  paint.  After  several  hours  of  painting 
the  walls  of  their  barracks,  21  soldiers  showed  sigi^  of  tetraethyl¬ 
lead  poisoning  and  acute  toxic  psychosis.  The  majority  of  the  victims 


died 


Serious  cases  of  poisoning  resulting  in  death  are  even  possible 
in  everyday  life  when  using  items  contaminated  with  ethyl  fluid.  For 
example  [6],  a  worker  picked  up  a  rubber  hose  from  a  factory  dump  and 
took  it  home*  As  a  result,  aaoh  of  the  six  people  living  In  the  room 
with  this  worker  showed  signs  of  tetraethyllead  poisoning.  After  sev¬ 
eral  days  an  11 -year  old  girl  and  a  17-year  old  youth  died.  The  neigh¬ 
bors  suffered  slight  cases  of  ethyl -fluid  poisoning.  The  investigation 
revealed  that  the  rubber  hose  had  been  used  at  the  gasoline -mixing 
station  where  it  was  employed  for  pumping  of  ethyl  fluid. 

Chronic  Poisoning 

Acute  cases  of  poisoning  are  extremely  rare.  Chronic  cases  of 
ethyl -fluid  poisoning  are  encountered  much  more  frequently.  Given  the 
regular  action  of  small  quantities  of  ethyl  fluid,  chronic  poisoning 
may  set  in. 

Patients  express  similar  complaints  in  cases  of  both  acute  and 
chronic  poisoning.  In  the  latter  case,  these  complaints  are  not  as 
serious.  The  victims  are  disturbed  by  headaches,  dizainess,  impairment 
of  memory,  insomnia,  nightmares,  increased  salivation,  general  weak¬ 
ness,  "bitterness  in  the  mouth,"  nausea,  etc. 

Cases  of  chronic  poisoning  occur  generally  when  working  in  a  sene 
of  increased  TES  [TEL]  vapor  concentrations  (from  0,0007  to 
0,002  mg/1). 

Preventive  Measures 

In  working  with  etliyl  fluid  it  is  absolutely  necessary  to  use  a 
filtering  A  (MKhP,  1951)  gas  mask  and  special  clothing  (a  rubber  suit, 
overalls,  gloves*  shoes).  After  each  30  hours  of  use,  the  gas  mask 
should  be  replaced.  It  is  necessary  to  take  the  following  preventive 
measures,  intended  to  provide  such  industrial  (laboratory)  conditions 
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as  would  exclude  the  possibility  of  the  liberation  and  accumulation  of 
ethyi  fluid  and  its  oxidation  products  in  the  work  areas. 

1.  Ethyl  fluid  and  gasoline  should  be  mixed  only  in  installations 
and  areas  specially  designated  for  this  purpose. 

2.  It  is  forbidden  to  remove  ethyl -fluid  contaminated  items  (con¬ 
tainers,  hoses,  work  clothing)  from  the  area  of  gasoline -mixing  sta¬ 
tions  and  ethyl-fluid  storage  areas. 

3.  Buildings  in  which  work  with  ethyl  fluid  is  carried  out  must 
be  equipped  with  appropriate  fresh -air/exhaust  ventilation  devices. 

4.  In  laboratories,  work  with  ethyl  fluid  should  be  carried  out 
exclusively  beneath  an  exhaust  hood. 

5.  Degasification  means  should  always  be  available  in  the  vicin¬ 
ity  of  areas  In  which  work  is  being  done  with  ethyl  fluid  (kerosene, 
a  solution  of  chloramine,  bleaching  powder,  etc.). 

6.  All  work  areas  should  be  degasifled  periodically. 

7.  Workers  who  come  into  contact  with  ethyl  fluid  roust  be  pro¬ 
vided  with  special  work  clothing  (desirably,  coated  coveralls),  gas 
masks  smd  similar  means  of  personal  protection,  each  accompanied  by 
appropriate  instructions. 

8.  All  workers  should  be  trained  in  safety  measures. 

9.  All  workers  who  come  into  contact  with  ethyl  fluid  must  be 
subjected  to  preliminary  and  periodic  (once  every  3  months)  medical 
examinations. 

10.  People  younger  than  Id  years  should  not  be  permitted  to  wox^ 
with  ethyl  fluid. 

.  11.  Xt  is  roooamsnded  that  Individuals  wortelng  with  ethyl  fluid 
be  periodically  assigned  to  Jobs  which  do  not  involve  contact  with 
ethyl  fluid. 

Acute  cases  of  poisoning  can  be  prevented  even  after  an  individual 


has  been  doused  with  a  substantial  queuitity  of  ethyl  fluid,  if  immedi¬ 
ately  (within  the  first  minutes)  after  contact  of  the  ethyl  fluid  with 
exposed  portions  of  the  body  all  clothing  is  removed,  the  injured  sec¬ 
tions  treated  with  kerosene,  and  the  body  surface  carefully  washed 
with  hot  water  and  soap. 

Decontamination  Procedures 

All  items  and  materials  contaminated  with  ethyl  fluid  are  decon¬ 
taminated  : 

a)  with  solvents  (kerosene,  nonethylated  gasoline,  dichloro- 
ethane)j 

b)  decomposition  with  chloramine,  dichloramlne,  and  bleaching 
powder. 

Cotton-fabric  products  and  special  work  clothing  should  be  decon¬ 
taminated  in  one  of  the  following  ways: 

1)  by  placing  them  into  a  special  chamber  with  hot  steam,  for 
45  to  60  minutes,  at  110-120°  and  a  pressure  of  2  atmj 

2)  soaking  for  2  hours  In  kerosene,  with  subsequent  boiling  and 
rinsing  in  a  hot  IjS  solution  of  monochloramine j 

3)  airing  in  fresh  air  for  2  to  3  hours,  with  subsequent  washing 
in  a  solution  of  monochloramine. 

Rubber  boots  and  gloves  aire  covered  for  1  hour  by  a  layer  of 
bleaching -powder  paste,  after  which  each  item  is  washed  in  hot  water 
with  a  soapy  sponge. 

When  ethyl  fluid  c<mies  into  contact  with  wood,  rubber,  concrete, 
stone,  or  soil  (even  in  small  quantities),  the  following  should  be 
used  for  purposes  of  degasification:  chlorine  water,  a  bleaching -powder 
paste  (CaOClg),  and  water  (1  part  bleaching  powder  for  each  3-5  parts 
of  water)  or  a  556  solution  of  sulfuryl  chloride  (SOgClg)  In  kerosene. 

The  bleaching  powder  and  the  sulfuryl  chloride.  In  dry  form,  In- 
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teract  vigorously  with  ethyl  fluid,  and  there  Is  great  liberation  of 
heat,  as  a  result  of  which  the  ethyl  fluid  ignites.  Therefore,  these 
can  be  used  only  In  dilute  form. 

Prior  to  degasification,  the  spilled  ethyl  fluid  must  be  cleaned 
up  with  shavings  or  sand,  and  then  the  spot  that  was  doused  with  the 
ethyl  fluid  must  be  treated  with  a  chemical  reagent.  The  shavings  and 
sand,  soaked  with  the  ethyl  fluid,  are  doused  with  a  combustible  and 
burned. 

After  treatment  with  the  degasifler,  the  affected  spot  is  washed 
with  water  and  then  with  a  soapy  solution.  When  ethyl  fluid  Is  spilled 
on  soil,  the  contaminated  section,  after  degasification,  should  be 
spade-turned  2  to  3  times,  to  a  depth  of  0.5  meter. 

First  Aid 

If  ethyl  fluid  should  come  into  contact  with  clothing,  the  latter 
must  Immediately  be  removed  and  the  body  skin  must  be  washed  at  the 
appropriate  point.  If  ethyl  fluid  should  be  taken  Internally,  vomiting 
should  be  Induced  immediately.  Those  portions  of  body  skin  that  have 
come  into  contact  with  the  ethyl  fluid  should  immediately  be  treated 
(2  to  3  times)  with  cotton  soaked  in  kerosene  or  unethylated  gaso¬ 
line,  and  then  thoroughly  washed  with  hot  water  and  soap.  After  the 
first  i}remedlcal  aid,  the  victim  must  be  brought  to  the  nearest  hospi¬ 
tal. 

TOXICITY  OP  ETHYLATED  GASOLINE 

More  than  33  years  of  experience  in  the  extensive  utilization  of 
ethylated  gasolines  and  extensive  investigations  of  their  effect  on 
the  human  organiam  offer  convincing  proof  of  the  fact  that  ethylated 
gasoline,  in  terms  of  harmful  effect,  differs  but  slightly  from  ordl- 
nai*y  gasoline,  if  the  eleraentaiy  rules  of  safety  are  observed  when 
ihi^  htaterial  is  used.  For  example,  Lind  [6]  in  his  examinations,  in 


1934  of  215  workers  who  had  come  into  contact  with  ethylated  gaaollne 
in  the  course  of  a  year,  found  not  a  single  symptom  of  lead  poisoning 
Of  those  who  were  examined,  IO7  workers  were  employed  at  the  tanks, 
there  were  6l  mechanics,  4?  drivers  carrying  gasoline  tanks,  and  48 
drivers  working  directly  with  ethylated  gasoline. 

The  weak  toxicity  of  ethylated  gasolines,  despite  the  fact  that 
they  contain  up  to  4  ml  of  ethyl  fluid,  can  be  explained  by  the  fact 
that  in  the  majority  of  cases  the  vapors  of  these  ethylated  gasolines 
do  not  differ  at  all  (in  terms  of  toxicity)  from  vapors  of  conven¬ 
tional  gasolines,  since  during  the  evaporation  of  up  to  30/^  of  the 
ethylated  gasoline  all  of  the  tetraethyllead  remins  in  the  liquid 
gasoline.  Only  in  the  case  of  further  gasoline  evaporation  does  the 
tetraethyllead  gradually  vaporize  together  with  it.  During  drainage, 
fueling,  and  storage  of  ethylated  gatsollne,  when  there  is  occasion  to 
breathe  its  vapors,  the  evaporated  part  of  the  gasoline,  in  the  very 
worst  of  cases,  amounts  only  to  several  percent  of  the  total  quantity 
cind,  therefore,  there  is  no  TES  [TEL]  contained  in  the  vapors.  . 

Ethylated  gasolines  are  dangerous  in  the  following  cases: 

a)  during  the  cleaning  and  repair  of  containers  which  held  eth¬ 
ylated  gasoline j 

b)  during  the  repair  of  engines  operating  on  aui  ethylated  gaso¬ 
line; 

c)  in  the  case  of  extremely  frequent  contact  of  ethylated  gaso¬ 
line  with  the  body  and  clothing,  and  in  the  case  of  its  accidental  in< 
ternal  consuuiption; 

d)  when  ethylated  gasoline  is  spilled  over  a  large  surface,  par- 
r.icvlarly  under  the  conditions  prevailing  in  a  closed  poorly-ventl- 
\*<ted  building. 

Let  us  examine  each  of  the  above-cited  cases  individually. 


VIhen  storing  ethylated  gasoline  for  long  periods  of  time,  up  to 
15^  oxidized  TES  [TEL]  may  settle  out.  Consequently,  after  the  eth¬ 
ylated  gasolines  are  drained  out,  a  substantial  quantity  of  toxic  TES 
[TEL] -decomposition  products  may  remain  at  the  bottom  of  the  container 
in  the  form  of  a  residue.  Therefore,  in  cleaning  tank  cars  and  other 
storage  containers  of  ethylated  gasolines,  safety  measures  must  be  im¬ 
plemented. 

■  Kassel's  and  Dodds  [sic]  [1]  describe  the  following  case,  which 
happened  in  Great  Britain.  A  group  of  workers  was  assigned  to  the  task 
of  cleaning  an  ethylated -gasoline  storage  tank.  However,  the  required 
preventive  measures  (complete  change  of  regular  clothing  for  special 
work  clothing,  rubber  aprons,  rubber  gloves  and  boots,  showering  upon 
completion  of  work,  flexible4iose  gas  mask,  etc, )  were  not  put  into 
effect,  and  as  a  result  there  were  25  cases  of  acute  TES  [TEL]  poison¬ 
ing,  and  two  cases  resulted  in  the  death  of  the  victim. 

A  cause  of  lead  poisoning  msy  be  Improper  handling  of  scale  and 
sedimentation  formed  in  engines  operating  on  ethylated  gasoline.  Here 
we  should  take  into  consideration  that  scale  and  sedimentation  form 
in  the  cylinders,  the  exhaust  pipes,  and  other  parts  of  motors,  and 
this  scale  and  sedimentation  contain  up  to  45$^  and  more  of  lead  com¬ 
pounds. 

In  actual  practice  we  encounter  most  frequently  cases  in  which 
etliylated  gasolines  come  into  contact  with  the  human  body  and  clothing. 

The  tetraethyllead  contained  in  ethylated  gasolines  rapidly  enters 
the  organism  both  through  cuts  as  well  as  through  skin  that  is  com- 
plutuiy  intact  [1,  6],  without  producing  any  external  changes  or  un¬ 
pleasant  sensations.  In  these  cases,  an  extremely  small  quantity  of 
'T.etraethyllead  enters  the  organism.  If  dousing  with  ethylated  gasoline 
V  ccurs  comparatively  Infrequently  auid  involves  only  inslgnlflcatit  quan- 


titles,  there  are  no  particularly  harmful  consequences,  since  the  te¬ 
traethyllead  disintegrates  Into  Its  component  parts  In  the  human  organ 
Ism  and  Is  carried  out  with  the  urine,  fecal  matter,  and  perspiration. 
However,  If  dousing  with  ethylated  gasoline  Is  a  frequent  occurrence, 
the  quantity  of  tetraethyllead  that  penetrates  the  organism  may  some¬ 
times  exceed  the  quantity  carried  out  of  the  organism.  In  these  cases, 
the  protective  functions  of  the  organism  prove  to  be  Inadequate,  and 
symptoms  of  chronic  poisoning  develop. 

The  early  symptoms  of  chronic  poisoning  are  frequently  so 
unspecific  that  they  may  easily  be  overlooked.  They  are  e;q)ressed  In 
quickness  to  tire, certain  barely  noticeable  changes  In  character.  In¬ 
stances  of  alienation,  and  frequent  nosebleeds.  When  careless  handling 
of  ethylated  gasolines  has  been  going  on  for  a  long  time,  symptoms  of 
damage  to  the  central  nervous  system  become  clear.  In  such  cases  the 
patients  complain  of  headaches  (the  sensation  of  a  “weight"  In  one's 
head),  disturbed  sleep,  loss  In  weight.  They  fall  asleep  with  diffi¬ 
culty,  and  once  asleep,  frequently  wake  up,  and  their  bodies  Jerk  dur¬ 
ing  sleep.  Sleep  is  restless,  many  dreams,  some  pleasant,  mostly 
nightmares. 

If  the  basic  rules  of  hygiene  and  safety  are  observed  work  with 
etiiylated  gasolines  Is  completely  safe. 

Personal  Hygiene  and  Preventive  Measures 

In  working  with  an  ethylated  gasoline  the  following  rules  should 
be  observed  (1,  2]. 

1.  Ethylated  gasoline  should  be  used  only  as  a  motor  fuel;  under 
no  circumstances  should  it  be  used  to  wash  hands,  machine  parts,  or  to 
clean  clothing,  etc. 

2.  Before  meals  hands  and  face  must  be  washed  with  warm  water  and 
soap.  Eating,  drinking,  and  smoking  is  strictly  forbidden  in  buildings 
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in  which  ethylated  gasoline  is  being  poured  and  in  which  component 
parts  of  motors  operating  on  ethylated  gasoline  are  being  repaired. 

3»  All  people  assigned  to  Jobs  involving  the  use  of  ethylated 
gasoline  must  be  subjected  to  a  preliminary  medical  examination  and 
must  undergo  periodic  medical  check-ups  each  6  months. 

4.  If  ethylated  gasoline  should  be  spilled  in  a  closed  building^ 
the  spot  should  immediately  be  wiped  with  a  dry  rag,  and  then  with  a 
rag  soaked  in  kerosene. 

3,  If  ethylated  gasoline  should  come  Into  contact  with  clothing, 
the  clothing  must  be  removed  and  aired  in  fresh  air  until  all  traces 
of  a  gasoline  odor  disappear. 

6.  If  ethylated  gasoline  should  come  Into  contact  with  the  skin, 
the  gasoline  should  not  be  permitted  to  dry  out;  the  sections  of  skin 
over  which  the  gasoline  spilled  should  Immediately  be  washed  with  pure 
gasoline  or  kerosene,  and  If  these  are  not  available  the  section  should 
be  wiped  with  a  clean  rag  and  then  washed  with  warm  water  and  soap. 

7*  All  barrels,  tank  oars,  and  storage  tanks  containing  ethylated 
gasoline  must  be  clearly  marked  "ethylated  gasoline";  It  Is  forbidden 
to  take  the  work  clothing  home;  arrangements  for  the  laundering  of 
this  special  work  clothing  must  be  made  at  the  Job. 

8.  If  the  gasoline  fuel  lines  or  the  carburetor  Jets  become 
fouled,  they  should  be  flushed  only  with  a  pump  or  a  hand  spray,  Imt 
under  no  circumstances  orally;  cleaning  and  flushing  of  con^nent 
parts  must  be  carried  out  in  rubber,  polyvinylchloride,  or  leather 
gloves. 

9*  Hepair  and  overhauling  of  motors  operating  on  ethylated  gaso* 
lines  must  be  carried  out  under  the  supervision  of  individuals  respon* 
sible  for  the  implementation  of  safety  measures.  Such  Jobs  must  be 
preceded  by  the  flushing  of  the  system  with  nonethylated  gasoline  In 


order  to  remove  tetraethyllead  residues. 

10.  An  Individual  will  be  peiroitted  to  work  with  ethylated  gaso¬ 
line  only  after  he  has  passed  the  minimum  sanitary -technical  require- 
ments. 

TOXIOIO^  OF  EXHAUST  OASES 

Exhaust  gases  from  Internal -combustion  engines,  depending  on  the 
type  of  engine,  the  type  of  fuel,  and  the  operating  regime,  consist  of 
1-95^  CO,  2~1Q%  COg,  0.5-5^  Og,  0.5-85^  saturated  hydrocarbons,  up  to 
0.5^  unsaturated  hydrocarbons,  1-7J^  Hg,  and  69-79j^  Ng.  Of  all  the  com¬ 
ponent  parts  of  exhaust  gases,  the  carbon  monoxide  is  the  most  danger¬ 
ous. 

If  an  engine  is  operating  in  a  garage  or  in  some  other  closed 
building,  particularly  if  there  is  limited  space,  and  also  if  the  ex¬ 
haust  system  is  not  functioning  properly,  a  dangerous  concentration 
(for  a  human  being)  of  carbon  monoxide  may  form. 

The  maximum  permissible  concentration  of  carbon  monoxide  in  air 
is  0.02  mg/r  [5],  For  example,  a  20  hp  engine  can  produce  28  liters  of 
carbon  monoxide  in  only  a  single  minute,  and  if  the  doors  of  a  one-car 
garage  are  closed,  a  lethal  concentration  accumulates  within  5  minutes 
The  Nature  of  the  Effect 

Carbon  monoxide  is  one  of  the  most  dangerous  of  poisons.  Its  af¬ 
finity  with  hemoglobin  is  greater  than  that  of  oxygen  by  a  factor  of 
3CX),  Entering  the  blood  thi‘ough  the  lungs,  carbon  monoxide  combines 
easily  with  the  hemoglobin  of  the  blood,  forcing  out  the  oxygen.  The 
blood  loses  its  ability  to  supply  the  required  life-giving  oxygen  to 
the  tissue,  as  a  result  of  which  anoxia  (oxygen  starvation)  sets  in. 

In  addition,  carbon  monoxide  exerts  a  direct  poisonous  effect  on  the 
cer.tral  nervous  system. 


Acute  Poisoning 

The  basic  symptoms  of  acute  poisoning  are  the  same  as  In  the  case 
of  charcoal -smoke  poisoning:  a  sensation  of  forehead  compression, 
strong  pain  In  forehead  and  temples,  unsteadiness  of  vision,  pulsatlor 
In  temples  and  ringing  In  ears,  and  tendency  to  tire  easily  upon  phys¬ 
ical  exertion.  With  a  continued  stay  In  such  an  atmosphere,  mental 
confusion,  nausea,  symptoms  similar  to  alcoholic  Intoxication,  weak¬ 
ness  In  the  legs,  lowered  arterial  pressure,  loss  of  sensation,  and 
Impairment  of  memory  set  In,  the  cutaneous  cover  and  the  mucous  lining 
turn  pink,  and  finally  there  are  cramps  and  loss  of  consciousness.  The 
victim  may  remain  In  a  state  of  unconsciousness  for  1  to  2  days,  but 
If  the  concentration  was  particularly  great  death  will  come  almost  In¬ 
stantaneously. 

The  central  nervous  system  Is  particularly  sensitive  to  CO  poison 
Ing.  In  the  case  of  serious  poisoning,  symptoms  Include  Impairment  of 
hearing,  olfaction,  and  taste.  Quite  frequently  paralysis  sets  In. 


Acute  CO  poisoning  Is  frequently  complicated  by  various  distur¬ 
bances  due  to  the  central  nervous  system,  a  disease  of  the  thyroid 
gland,  changes  In  the  kidneys,  the  suprarenal  glands,  gastrointest¬ 
inal  disturbances,  and  reduced  resistance  of  the  organism  to  Infec¬ 
tions,  Young  people,  pregnant  women,  and  alcoholics  are  particularly 
sensitive  to  the  effect  of  CO.  Slight  indications  of  poisoning  appear 
upon  iraialatlon  of  a  concentration  of  CO  of  0.23  mg/2  for  a  period  of 
more  than  3  hours  (headache,  which  quickly  disappears  in  fresh  air). 

At  a  concentration  of  0.3^  mg/l  the  first  indications  of  poison¬ 
ing  appear  within  4  htmre.  A  concentration  of  0.46  mg/l  will  produce 
extreme  occipital  and  frontal  headaches  within  one  hour;  a  concentra¬ 
tion  of  1.34  mg/l  will  induce  palpitation  within  33  minutes;  after 
1.3  hours  tSie  symptoms  include  li^t  rocking,  difficulty  in  breathing; 


after  2  hours,  blurred  consciousness.  At  a  concentration  of  nig/l 
death  takes  place  after  several  Inhalations  [1]. 

Chronic  Poisoning 

The  prolonged  Inhalation  of  air  containing  carbon  monoxide  In 
small  concentrations  may,  tilth  the  passage  of  time,  result  In  chronic 
poisoning,  accompanied  with  the  development  of  headaches,  dizziness, 
loss  of  weight,  as  well  as  increased  Irritability,  indifference,  and 
obsessive  fear. 

Preventive  Measures 

Good  ventilation  must  be  provided  and  regular  monitoring  of  the 
carbon-monoxide  content  In  the  air  must  be  carried  out  in  those  sec¬ 
tions  In  which  Increaised  concentrations  of  carbon  monoxide  may  be  lib¬ 
erated  and  accumulate  during  the  course  of  work.  Vfhen  working  in  an 
atmosphere  with  an  Increased  concentration  of  carbon  monoxide,  it  is 
recommended  that  a  M  (MKhP,  1951)  brand  filtering  gas  mask  be  used;  in 
the  case  of  high  CO  concentrations  only  the  filtering  KIP-5  and  RKR-3 
(regeneration  oxygen  respirators)  should  be  used.  To  prevent  the  entry 
of  extiaust  gases,  the  equipment  and  fuel  systems  must  be  hermetically 
sealed,  and  the  ventilation  must  function  normally. 

If  It  is  necessary  to  work  no  lon/^er  than  one  hour  in  an  atunos- 
)itore  containing  carbon  monoxide,  the  maximum  permissible  concentra- 
«.ion  of  carbon  monoxide  should  not  be  higher  than  0.05  isg/l;  if  the 
AOi'king  time  is  below  30  minutes,  the  concentration  should  not  exceed 
vi.  1  mg/^l  if  the  working  time  is  shorter  than  15  minutes  (garage  pits) 
the  concentration  should  not  exceed  0.2 

Repeated  work  under  conditions  of  elevated  carbon -monoxide  con¬ 


tent  In  the  air  in  the  work  done  may  be  permitted  with  breaks  lasting 

f'o  1'jSs  than  2  hour's. 


First  Aid 

In  case  of  poisoning  quickly  put  a  gas  mask  on  the  victim,  after 
which  it  is  absolutely  necessary  to  carry  him  out  into  the  frosh  air 
and,  having  taken  measures  to  prevent  possible  drafts  (covering  him, 
etc. ) ,  begin  to  apply  artificial  respiration  and  try  to  get  him  to 
breathe  pure  oxygen,  or  better  yet,  pure  oxygen  mixed  with  5-7^  carbon 
dioxide  in  order  to  increase  the  respiratory  volume. 

If  breathing  has  stopped  entirely,  artificial  respiration  must  be 
continued  until  signs  of  life  reappear,  even  if  this  involves  several 
hours,  and  the  artificial  respiration  must  be  continued  all  the  way  to 
the  hospital. 

TOXICITY  OP  OXIDIZERS 

Concentrated  nitric  acid  HNO^,  saturated  with  oxides  of  nitrogen 
(NO,  NOg,  etc,),  concentrated  hydrogen  peroxide  HgOg,  liquid  oxygen 
Og,  tetranitrome thane  C(N02)^,  etv. ,  are  the  most  commonly  used  oxi¬ 
dizers.  All  of  the  above -enumerated  oxidizers  are  toxic  to  some  extent 
and  they  may  serve  as  sources  of  serious  poisoning  if  the  rules  for 
their  handling  are  violated. 

Toxicity  of  Concentrated  Nitric  Acid  Saturated  with  Nitrogen  Oxides 

Nitric  acid  saturated  with  nitrogen  oxides  is  a  powerful  oxidizer. 
In  combination  with  many  organic  substances  such  as,  for  example,  ana- 
line,  xyQldlne,  and  furfuryl  alcohol,  concentrated  nitric  acid  reacts 
with  an  explosion.  Its  utilization  as  a  rocket  propellant  component  is 
based  on  this  property.  Organic  materials  (straw,  wood,  etc.)  as  well 
as  clothing  will  burst  into  flame  when  doused  with  nitric  acid.  When 
nitric  acid  comes  into  contact  with  metals,  organic  substances,  or  in 
reaction  with  oxygen,  the  acid  decomposes  with  the  formation  of  the 
oxides.  The  most  toxic  of  the  nitrogen  oxides  are  nitrogen  dioxide  and 
ot  '■•oxide. 
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The  vapors  released  by  nitric  acid  irritate  the  upper  respiratory  y 

tract  (produce  coughing,  choking,  difficulty  in  breathing,  and  they  y 

irritate  the  mucous  membrane).  Nitrogen  oxides  liberated  from  nitric  “ 

acid  are  not  often  found  in  the  upper  and  middle  sections  of  the  res- 

•  > 

piratory  tract  because  of  their  poor  solubility,  but  they  have  more 

serious  effects  on  deeper  sections  of  the  respiratory  organs  —  the  ^ 

bronchioles  and  the  alveolae.  In  combination  with  the  moisture  in  the 
organism,  these  nitrogen  oxides  form  nitric  and  nitrous  acids  which 
produce  a  variety  of  inflammatory  manifestations  in  the  mucous  mem-  “ 
branes  of  the  respiratory  tract  (bronchitis  and  even  toxic  edema  of 
the  lungs). 

One  of  the  oxides  of  nitrogen  (NO)  is  a  blood  poison  which  dis- 

.  rupts  the  supply  of  oxygen  to  the  tissues  by  the  blood  and  damages  the 

central  nervous  system.  Poisoning  caused  by  pure  nitrogen  oxide  (NO)  • 

is  rare,  since  it  is  rapidly  oxidized  by  the  oxygen  of  the  air  into  * 

•• 

nitrogen  dioxide.  f; 

The  maximum  permissible  concentration  of  nitrogen  oxides  in  the  f. 
air  is  0.005  ws/jL  when  calculated  for  NgO^  in  accordsuice  with  the  norm 
(NlOl-5^).  At  higher  concentrations  acute  [6]  and  chronic  poisoning 
occur.  ' 

Acute  Poisoning 

Acute  poisoning  by  nitric -acid  vapors  and  vapors  of  nitrogen  ox¬ 
ides  depends  on  the  combination  in  which  the  individual  ingredients  ! 
appear.  Generally,  poisoning  begins  with  the  irritation  of  the  upper 
respiratory  tract  (coughing)  and  the  mucous  membrane  of  the  eyes.  After  ; 
15  to  30  minutes,  the  degree  of  irritation  diminishes  and  the  patients  ^ 
feel  quite  well.  But  within  4  to  6  hours  after  the  completion  of  the  ’ 

’Uatont  period,”  1,  e. ,  after  the  seem|.ng  well-being  of  the  patient,  • 

there  sometimes  develops  a  violent  pattern  of  toxic  edema  of,  the  lungs  ‘ 
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and  the  victim  perishes. 

In  other  cases  of  severe  poisoning,  upon  completion  of  the  latent 
period,  there  appears  a  sensation  of  chest  compression,  harsh  coughing 
(spasmatic),  frequently  with  blood,  body  temperature  rises,  breathing 
becomes  difficult,  and  the  cutaneous  cover  turns  blue.  In  this  case  we 
frequently  observe  a  disturbance  of  the  gastrointestinal  tract  (nau¬ 
sea,  vomiting,  and  diarrhea).  If  the  Illness  follows  Its  normal  course, 
the  above-mentioned  symptoms  of  toxic  edema  of  the  lungs  abate  by 
the  5-th  to  7-th  day.  These  illnesses  are  frequently  complicated  by 
inflammation  of  the  lungs.  The  treatment  of  severe  poisoning  cases  re¬ 
quires  anywhere  from  2  to  6  weeks. 

In  light  cases,  the  time  lost  from  work  ranges  between  3  and 
5  days  [4]. 

According  to  the  data  of  Alyavdin  [4],  the  inhalation  of  air  with 
a  concentration  of  0. 15  mg/j.  of  nitrogen  oxides  for  a  period  of  4  min¬ 
utes  will  induce  choking,  repeated  coughing,  and  irritation  of  the 
throat.  Inhalation  of  air  for  5  minutes  with  a  concentration  of 
0.09  iiUs/2  oxides  will  produce  severe  irritation  of  the  pharynx, 
coughing  seizures,  salivary  discharge,  and  at  0.02  mg/j.  there  will  be 
a  definite  odor;  at  0,01  rag/l,  the  odor  will  barely  be  perceptible;  at 
0.003  ing/l  no  harrai’ul  effect  is  observed,  A  daily  8-hour  stay  in  an 
atmoj'.phero  with  a  nitrogen -oxide  concentration  not  exceeding 
0.000005  is  regar^Jed  as  harmless. 

All  of  these  harmful  effects  quickly  disappear*  in  fresh  air. 
Chronic  Poisoning 

In  the  case  of  elevated  nitrogen -oxide  concentrations  (above  the 
peimisslble  limits)  for  extended  and  regular  periods,  chronic  inf 1am- 
maui-ry  diseases  of  the  i.ucoaau  of  the  upper  respiratory  tract  develcp, 
us  'j-Hrs  c'hi-M.ii-  '  lonchilis,  emphysema,  tooth  decay,  and  there  In  a  dl?;- 


ruption  of  the’  metabolism.  Sometimes  we  also  observe  the  ulceration  of 
the  mucous  membrane  of  the  nose  or  mouth. 

Effect  on  the  Skin 

If  concentrated  HNO^  should  come  Into  contact  with  the  skin  It 
will  produce  severe  burns  requiring  extensive  treatment.  Dilute  solu¬ 
tions  of  HNO^  may  be  responsible  for  the  development  of  chronic  ec¬ 
zema.  High  concentrations  of  nitrogen-oxide  vapors  sometimes  cause 
hair  to  yellow,  as  well  as  the  yellowing  of  nostrils  and  hands. 
Preventive  Measures 

The  preventive  measures  are  the  same  as  In  the  case  of  work  with 
other  toxic  volatile  substances  -  hermetic  sealing  of  the  equipment  in 
which  vapors  of  HNO^  and  nitrogen -o^dde  vapors  can  form  or  be  liber¬ 
ated,  as  well  as  the  installation  of  an  appropriate  exhaust  system. 

People  suffering  from  bronchitis,  asthma,  or  heart  disease  should 
not  be  pennitted  to  work  with  nitrogen  oxides 5  people  working  in  an 
atmosphere  containing  high  concentrations  of  nitrogen -oxide  vapors 
must  be  provided  with  gloves,  aprons,  and  protective  goggles  and  in¬ 
dividual  oxygen  masks. 

Care  should  be  taken  that  the  gloves  should  not  be  damaged  in  any 
way,  l.e. ,  there  should  be  no  tears  or  punctures.  If  acid  should  be 
spilled  on  the  floor  it  would  liberate  nitrogen  oxides  which  could  re¬ 
sult  in  serious  poisoning.  The  spilled  acid  must  be  neutralized  with  a 
soda  or  lime  solution  and  washed  away  with  water.  To  protect  against 
nitrogen  oxides  and  HNO^  vapors,  we  use  the  filtering  "B”  brand  gas 
mask  (the  yellow  box). 

First  Aid 

The  victim  must  be  removed  from  the  harmful  atmosphere  quickly 
iiid  *1  ■  must  immediately  be  tratisferred  to  a  hospital  in  a  supine  posi¬ 
tion.  Prior  to  sending  the  victim  to  the  hospital,  he  must  be  made  to 


lie  down,  kept  completely  quiet,  given  pure  oxygen  to  breathe,  ana  ar- 
ter  all  pieces  of  tight  clothing  have  been  loosened,  he  should  be 
packed  in  hot -water  bottles. 

If  nitric  acid  should  come  into  contact  with  the  skin  the  injured 
spot  should  be  washed  immediately  with  a  large  quantity  of  water  and 
treated  with  a  2^  solution  of  drinking  soda,  after  which  the  spot 
should  be  smeared  with  vaseline.  In  case  of  injury  to  the  eyes,  a 
heavy  stream  of  water  should  be  directed  at  the  eyes  for  a  period  of 
15  minutes  and  more,  and  then  the  eyes  should  be  washed  out  with  a  1- 
2$  solution  of  soda. 

Should  nitric  acid  come  into  contact  with  the  inside  of  the 
mouth,  the  mouth  should  be  rinsed  with  water  and  then  with  a  3-5jS  so¬ 
lution  of  soda.  If  the  HNO^  should  be  taken  internally,  as  much  water 
as  possible  should  be. taken  and  vomiting  should  be  induced.  Even  when 
ihe  initial  symptoms  of  poisoning  do  not  seem  dangerous^  the  victim 
should  nevertheless  be  kept  in  bed  for  24  hours. 

Toxicity  of  Concentrated  Hydrogen  Peroxide 

Concentrated  hydrogen  peroxide  (HgOg),  in  contact  with  organic 
materials  (wood,  clothing,  paper,  etc.),  causes  these  to  ignite.  Con¬ 
centrated  hydrogen  peroxide  produces  an  explosion  on  mixing  with  com¬ 
bustible  subs  bailees. 

Contamination  of  concentrated  lydrogen  peroxide  by  dust,  alkalis, 
most  metals  and  their  oxides,  as  well  as  by  many  other  substances  of 
the  most  diverse  origins,  can  result  in  the  violent  decomposition  of 
the  peroxide.  This  decomposition  takes  place  with  the  liberation  of 
gascu  and  heut  adequate  for  the  ignitton  uf  the  combustible  materials 
nearby,  and  the  explosion  of  the  container  If  the  gases  being  liber¬ 
al  ec  uo  not  find  a  fi-ee  exit. 

Tlie  max*  ;  ,  v.  •xu.isslble  concentration  of  concentrated  HgOj,  vapors 


is  held  by  a  number  of  authors  [10]  to  be  0.004^.  Concentrated  HgOg 
not  only  irritates  the  mucous  membrane  of  the  eyes  and  the  respiratory 
tract  (tearing,  hoarseness,  scratching,  and  the  sensation  of  a  metallic 
taste,  a  cold,  and  substantial  discharge  of  sputum),  but  it  also  exhi¬ 
bits  general  toxic  effects.  The  prolonged  action  of  hydrogen -peroxide 
vapors  destroys  tissue.  Given  dally  prolonged  (up  to  several  hours) 
work  under  conditions  in  which  elevated  concentrations  of  concentrated 
hydrogen -peroxide  vapors  are  in  action  may  result  in  damage  to  the 
central  nervous  system  (headaches,  tendency  to  tire  easily,  drowsi¬ 
ness).  If  hydrogen  peroxide  comes  into  contact  with  the  skin  for  a 
short  period  of  time,  it  produces  bleaching  and  the  sensation  of  a 
burn,  which  rapidly  disappears.  The  prolonged  action  of  hydrogen  per¬ 
oxide  on  the  skin  will  result  in  serious  burns. 

Preventive  Measures 

The  building  in  which  work  with  concentrated  HgOg  is  being  done 
must  be  equipped  with  fresh -air/exhaust  ventilation;  the  floors  must 
be  made  of  a  moisture-proof  material  (ceramic  plates,  cement)  and  must 
be  slanted  to  make  possible  the  rapid  washing  away  of  spilled  concen¬ 
trated  HgOg.  Workers  who  have  come  into  contact  with  concentrated 
KgOg  must  wear  goggles,  special  work  clothing  (desirably,  made  of  air¬ 
tight  "textavinlte")  and  polyvinylchloride  gloves. 

Treatment 

With  the  appearance  of  poisoning  symptoms  (irritation  of  mucous 
membrane,  headaches)  the  victims  must  be  i^emoved  fi*om  the  zone  of  in¬ 
jury  into  fresh  air  and  be  sent  to  hospitals  for  the  required  spe¬ 
cialized  medical  assistance.  If  concentrated  should  come  into 
contact  with  the  skin,  that  portion  of  the  skin  must  Immediately  be 
washed  with  a  liberal  quantity  of  water. 


Toxicity  of  Tetranitromethane 


Tetranitrome thane  vapors  have  an  irritating  effect  on  the  respira 
tory  tract  and  on  the  mucous  membranes  of  the  eyes.  The  basic  symptom 
of  this  type  of  poisoning  is  [11]  pronounced  salivation  with  subse¬ 
quent  inflammation  of  the  respiratory  tract. 

Given  frequent  and  prolonged  exposure  to  elevated  concentrations 
of  tetranitromethane  vapors,  symptoms  of  chronic  poisoning  with  injury 
to  the  central  nervous  system  may  appear  (headaches,  tendency  to  tire 
rapidly,  weakness),  as  well  as  injury  to  the  cardiovascular  system, 
and  also  symptoms  of  anemia.  The  above -enumerated  symptoms  of  poisoning 
may  also  Include  digestive  disturbances  (loss  of  appetite,  heartburn, 
vomiting). 

In  most  severe  cases,  which  sometimes  result  in  the  death  of  the 
victim  as  a  result  of  developing  edema  of  the  lungs,  yellowing  of  the 
cutaneous  covers  and  sclerae  was  observed. 

In  the  case  of  Insignificant  concentrations,  alight  irritation 
occurred  immediately  after  the  removal  of  the  victim  frcan  the  poison 
atmosphere.  The  sensitivity  of  individuals  to  tetraiiltromethane  de¬ 
pends  on  the  individual  characteristics  of  the  person  Involved,  The 
maximum  permissible  concentration  of  tetranitromethane  vapors  is 
0.0003  big/1  C5l. 

First  aid 

Upon  the  appearance  of  poisoning  symptoms  it  is  necessary  to  re¬ 
move  the  victim  from  the  injurious  atmosphere  and  send  him  Immediately 
to  a  hospital. 


U 


IHiro  gaseous  oxygen  is  not  poisonous.  When  Inhaled  for  short  pe¬ 
riods  of  tlr.e  it  has  no  harmful  effect  on  the  human  organism.  H^e  dan¬ 
ger  to  human  health  arises  only  in  the  case  of  liquid  oxygen  canlrug 
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into  contact  with  the  skin.  In  this  case  limited  (of  short  duration) 
contact  between  the  skin  and  liquid  oxygen  Involves  no  harmful  conse¬ 
quences  because  a  protective  gas  layer  is  formed  between  the  skin  and 
the  liquid  oxygen.  However,  prolonged  contact  between  skin  and  liquid 
oxygen  produces  serious  burns. 

Preventive  Measures 

In  work  with  liquid  oxygen  it  is  necessary: 

a)  to  use  gloves  and  protective  clothing; 

b)  to  make  certain  that  all  connections,  component  parts,  and 
manifolds  have  been  thoroughly  degreased  at  all  installations  in  which 
liquid  oxygen  is  handled; 

c)  to  make  certain  that  no  flames  or  hypergollc  substances  are 
permitted  in  the  vicinity  of  liquid  oxygen. 

It  is  Importcuit  to  bear  in  mind  that  in  an  oxygen  atmosphere 
woolen  and  cotton  materials  can  Ignite. 

Treatment 

Burns  resulting  from  liquid  oxygen  are  treated  in  the  same  way  as 
conventional  burns. 
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